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ABSTRACT 
Brassinosteroids (BRs) are a family of steroid hormones present ubiquitously in plant 
kingdoms and play important roles throughout plant growth and development. BRs signal to 
regulate BES1 and BZR1 family transcription factors, which regulate target genes for various 
BR responses. However, our knowledge about the transcriptional network and mechanisms 
through which BES1 regulates gene expression is still limited. Background information about 
BR signaling and transcriptional regulation is presented in Chapter 1.  
The goal of my research is to understand the mechanism and network for BES1 
mediated transcription regulation using both forward and reverse genetics, as well as 
genomic approaches. Specifically, my thesis includes three main projects I have been 
worked on. Chapter 2 is about the transcription factor AtMYB30 that was identified as BR-
induced transcription factor. I found that AtMYB30 is a BES1 direct target and meanwhile its 
protein helps BES1 to activate downstream target genes.  Chapter 3 describes the discovery 
of a novel transcription elongation factor AtIWS1 required for BES1-regulated gene 
expression, which was identified by a forward genetics screen. In chapter 4, I describe a 
collaborative project in which we used chromatin immunoprecipitation coupled with tiling 
arrays (ChIP-chip), global gene profiling, as well as computational modeling to construct and 
validate a BR-transcriptional network. Finally, conclusions and future directions are 
summarized in chapter 5.  
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CHAPTER 1. General Introduction 
 
1.1. Brassinosteroid Pathway 
Brassinosteroids (BRs) are a family of steroid hormones present ubiquitously in plant 
kingdoms and play important roles throughout plant growth and development, like 
germination, cell expansion and division, photomorphogenesis, senescence and stress/disease 
resistance (Clouse, 1996; Krishna, 2003a; Mandava, 1988). Accordingly, the loss-of-function 
BR mutants have short hypocotyls, stems and petioles due to defects in cell elongation, dark 
green leaves, reduced apical dominance, delayed senescence, and male sterility, as well as 
altered vascular patterning (Clouse et al., 1996; Li and Chory, 1997; Li et al., 1996; Szekeres 
et al., 1996).  
In model plant Arabidopsis, genetic and molecular research has delineated the BR 
signaling pathway (Fig. 1.1), in the past decade or so (Belkhadir and Chory, 2006; Clouse, 
2002; Li and Jin, 2007; Thummel and Chory, 2002). The BR receptor was identified by many 
mutant alleles in a single gene, BRI1 (BRASSINOSTEROID INSENSITIVE1), which encodes 
a leucine rich repeat (LRR) receptor kinase (Clouse et al., 1996; Li and Chory, 1997). Many 
studies indicate that BRI1 binds to the BR ligand through a novel steroid-binding motif and 
transduces the hormone signal to downstream targets through its intracellular kinase domain 
(Friedrichsen et al., 2000; He et al., 2000; Kinoshita et al., 2005; Oh et al., 2000; Wang et al., 
2005a; Wang et al., 2005b; Wang et al., 2001).  BR signal can promote the interaction of 
active BRI1 and the co-receptor BAK1 (BRI1-associated kinase 1), which in turn increases 
the trans-phosphorylation between these two receptor-like kinases, therefore passing the 
positive hormone signal to downstream targets (Li et al., 2002; Nam et al., 2002). On the 
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other hand, in the absence of BRs, membrane localized BKI1 (BRI1 KINASE INHIBITOR 1) 
binds to BRI1 receptor and inhibits its function at least partially via blocking the interaction 
between BRI1 and BAK1, and the inhibition can be reversed by BR binding (Wang and 
Chory, 2006). One of the immediate signaling components downstream of BRI1, BSK1 (BR-
signaling kinase 1), was recently identified (Kim et al., 2009). BSK1 can be phosphorylated 
by active BRI1, which enables BSK1 binding to the phosphatase BSU1 (BRI1 ACTIVATION-
TAGGING SUPPRESSOR 1). Activated BSU1 in turn dephosphorylates the kinase BIN2 
(BR-INSENSITIVE 2), consequently inhibiting its function in inactivating the BR pathway 
transcription factors (Mora-Garcia et al,. 2004; Li, J et al., 2002; Kim et al., 2009).  In 
addition, there are also other BRI1 substrates, such as TTL (TRANSTHYRETIN-LIKE 
protein) which may be involved in membrane activities regulating BR induced cell 
elongation, and TRIP-1 (TGF! RECEPTOR INTERACTING PROTEIN 1) which may take 
a part in BR mediated protein translational control (Nam et al., 2004; Jiang and Clouse., 2001; 
Ehsan et al., 2005).  
BR signaling from BRI1 to nuclear target genes relies on BES1 (BRI1 EMS 
SUPPRESSOR 1) and  BZR1 (BRASSINAZOLE RESISTANT 1) family transcription 
factors, which consists of 6 members in Arabidopsis (Wang et al., 2002; Yin et al., 2002; 
Zhao et al., 2002).  BES1 was identified by a gain-of-function mutant bes1-D that completely 
suppresses bri1 mutant phenotype, and shows constitutive BR responses including excessive 
stem elongation, resistance to brassinazole (BRZ) which is a BR-biosynthesis inhibitor, as 
well as genome-wide up-regulation of BR-induced gene expression (Yin et al., 2002). BZR1 
was identified through a dominant mutant bzr1-D, which hypersensitive to BRZ in the light 
while resistant to BRZ in the dark (Wang et al., 2002). BES1 and BZR1 both are able to be 
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phosphorylated by the kinase BIN2 that negatively regulates their function through several 
mechanisms (Choe et al., 2002; Li and Nam, 2002; Pérez-Pérez et al., 2002). For example, 
phosphorylated BES1 and BZR1 were reported to have reduced protein stability (He et al., 
2002; Yin et al., 2002), display reduced DNA binding (Gampala et al., 2007; Vert et al., 2005) 
and interact with 14-3-3 proteins, which keep them in the cytoplasm and therefore prevent 
their nuclear accumulation (Gampala et al., 2007; Ryu et al., 2007).  BR signaling occurs 
through BRI1, BSK1 and BSU1 to inhibit BIN2 function, thereby allowing the accumulation 
of unphosphorylated form of BES1 and BZR1 in the nucleus, where they are capable of 
binding promoter elements in BR-regulated genes. Besides, several atypical bHLH proteins 
are involved in BR signaling either positively (ATBS1 and PRE1) or negatively (AIF1 and 
IBH1), yet the mechanisms of action remain to be established (Wang et al., 2009; Zhang et 
al., 2009). 
BES1 and BZR1 have atypical basic helix-loop-helix (bHLH) DNA binding domains 
and bind to E-box (CANNTG) and / or BRRE (BR Response Element, CGTGT/CG) to 
regulate BR target gene expression ( Yin et al., 2005; He et al., 2005). In addition, BES1 
interacts with other transcription regulators such as BIM1 as well as histone demethylases 
ELF6 / REF6 to synergistically activate target genes ( Yin et al., 2005; Yu et al., 2008). 
Despite all of these findings, knowledge about the transcriptional mechanisms by which 
BES1 and BZR1 regulate gene expression is still limited.  
Several genome-wide microarray analyses performed in Arabidopsis indicated that 
BRs regulate many target genes, including many cell wall organization enzymes required for 
cell expansion and division, genes involved in ethylene biosynthesis and many other 
metabolic pathways, transcription factors, signaling molecules and genes involved in auxin 
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pathways (Goda et al., 2004; Goda et al., 2002; Mussig et al., 2002; Nemhauser et al., 2004; 
Yin et al., 2002). In light-grown seedlings, BL treatment for 2.5 hr induces the expression of 
about 342 genes and represses the expression of 296 genes (Nemhauser et al., 2004). 
However, the transcriptional network downstream of BES1, which likely controls different 
target genes in different tissues, organs, developmental stages and environmental conditions, 
is largely unknown.   
         
1.2. Transcription Regulation 
Transcription is a multiphase and highly concerted process. Basically, there are three 
steps in a transcription cycle: promoter recognition and initiation, elongation, and termination. 
Each step is highly regulated and involves a big number of transcriptional regulators.   
In eukaryotes, Pol II (RNA polymerase II) is responsible for transcription of mRNA 
and snRNAs. Pol II can be recruited to the promoters after binding of TATA box by TBP 
(TATA Binding Protein), which is facilitated by transcriptional activators, mediators and 
TAFs (TBP-Associated Factor). Activators, which can recognize and bind to specific motifs 
in target gene promoters, play a crucial role during transcription initiation (Kadonaga, 2004). 
Once bound to the promoters, transcription activators induce a cascade of recruitments of 
coactivator complexes through protein-protein interactions, including histone-modification 
enzymes, chromatin-remodeling complexes and mediators/adaptors (Drysdale et al., 1998; 
Neely and Workman, 2002). The histone modification enzymes and chromatin-remodeling 
complexes function to rearrange chromatin structure, as well as to modify histones to make 
nucleosomal DNA elements more accessible to general transcription factors (GTFs). In 
addition, some activators can influence subsequent steps in the transcriptional process, such 
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as enhancing promoter clearance, aiding the release of Pol II pausing and increasing the 
elongation rate of Pol II (Kumar et al., 1998; Brown et al., 1996; Yankulov et al., 1994). It is 
also worth noting that multiple activators in a cluster typically function synergistically and 
activate transcription more strongly than a single factor alone (Laybourn and Kadonaga, 
1992).  
Transcription elongation begins when Pol II is released from promoters and moves 
further into the coding region. During elongation, Pol II has to overcome transcription 
elongation blocks such as transient pausing and back tracking. This is accomplished with the 
help of positive / negative transcriptional elongation factors. Positive factors include TFIIS, 
TFIIF, FACT, Spt family proteins and so on (Rondon et al., 2003). The Spt (Suppressor of 
Ty) family genes are initially identified by mutations that suppress transcription defects 
caused by transposon Ty insertional mutation in yeast (Winston et al., 1984). This family 
contains genes involved in various transcription processes, including histone modification, 
transcription initiation and elongation (Winston and Carlson, 1992). In addition to 
transcription elongation, Spt4-Spt5/DSIF complex was also proposed to modulate pre-mRNA 
processing (Lindstrom et al., 2003). Spt6 enhances transcription elongation in many genes, 
and serves as a histone chaperone to change the structure of chromatin at the process of 
transcription (Adkins and Tyler, 2006).  
Extensive evidence indicates that the different transcription steps are actually tightly 
linked together, in which, Pol II plays a central role (Maniatis and Reed, 2002). Actually, the 
CTD (C-Terminal Domain) of Pol II can serve as a scaffold for factors involved in many 
transcriptional and mRNA processing steps, including mRNA capping enzyme, 
polyadenylation factors, splicing proteins, as well as some elongation factors such as Spt6 
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(Maniatis and Reed, 2002; Yoh et al., 2007). All these couplings suggest a surveillance 
mechanism, which ensures the correct and efficient production and transport of functional 
mRNP (mRNA-protein) into the cytoplasm (Jensen and Rosbash, 2003). 
Although previous studies of transcription regulation were primarily focused on the 
initiation step, the importance of the regulation at transcription elongation has started to be 
recognized more recently (Core et al., 2008; Guenther et al., 2007; Saunders et al., 2006; 
Kim et al., 2005; Kadonaga et al., 2004). Recent genomic studies suggest that a large portion 
of genes in mammalian system can be regulated at post-initiation steps (Guenther et al., 2007; 
Kim et al., 2005). For example, it has been shown that hundreds of human genes had no 
detectable transcripts while their promoters were occupied by transcription preinitiation 
complex ( Kim et al., 2005). Similarly, it was also observed in human cells that over 30% 
genes had active histone modification markers as well as initiating form of RNAPII at their 
promoters without detectable transcripts (Guenther et al., 2007). The widespread phenomena 
may be explained by various mechanisms including abortive initiation, low processivity and 
promoter-proximal pausing of RNAP II (Guenther et al., 2007). Yet the molecular 
mechanisms by which the large number of genes is regulated after RNAPII recruitment by 
cellular signaling remain to be fully understood. Some transcriptional activators can 
influence subsequent steps including promoter clearance (Kumar et al., 1998), promoter-
proximal pausing through P-TEFb (Peterlin et al., 2006), and elongation rate of RNAPII 
possibly by interacting with TFIIH (Blau et al., 1996). For example, the heat shock activator 
HSF can indirectly recruit P-TEFb complex that phosphorylates RNAP II and stimulates 
promoter-paused RNAPII to enter into productive elongation in response to heat shock (Lis 
et al., 2000). In addition, certain types of transcription activators were able to promote 
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transcription elongation in vitro, correlating with their abilities to interact with TFIIH, whose 
kinase activity can convert RNA polymerase from a nonprocessive to a processive form 
(Kadonaga et al., 2004; Blau et al., 1996; Yankulov et al., 1994). 
 
1.3. Objectives and Significance  
BR regulate many plant biological processes, such as cell elongation, ethylene 
production, vascular differentiation, and stress response (Clouse, 1996; Krishna, 2003a; 
Mandava, 1988). Application of exogenous BRs has been shown to improve plant resistance 
to drought, and diseases (Krishna, 2003b). Increase of endogenous BR level by over-express 
a BR biosynthesis gene leads to enhance seed production and overall plant size (Choe et al., 
2001). However, due to the high cost of de novo chemical synthesis,  it is not realistic to 
apply BRs to crops directly. In addition, BRs stimulate multiple downstream pathways at the 
same time, some of which are considered negative side effects such as early senescence 
resulted from increased ethylene production under BR treatment. The knowledge gained 
from our study of how BR/BES1 regulates target gene expression can help design strategies 
to manipulate BR signaling pathway for better qualities in crop plants, such as higher yield 
and better biomass production. Moreover, our studies of BES1 transcription mechanisms as 
well as BES1 mediated transcriptional network also contribute to the field of basic 
transcriptional regulation.  
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1.5. Figures 
 
 
 
 
Fig. 1.1 Model of BR signaling pathway: in the absence of BRs, BR receptor BRI1 interacts 
with negative regulator BKI1 and is inactive. The BIN2 kinase constitutively phosporylates 
BES1/BZR1 family transcription factors and therefore leads to their inactivation through 
protein degradation, cytoplasmic retension by 14-3-3 proteins, as well as possible reduced 
DNA binding ability. Upon BR binding, BRI1 is activated, disassociating with BKI1 and 
interacting with co-receptor BAK1, resulting in activation of downstream BSK kinases. 
Activated BSKs interacts with BSU1 phosphotase which  then inactivates BIN2 by 
dephosphorylation. Therefore, unphosphorylated BES1/BZR1 can accumulate in the nucleus 
and bind to E-boxes or BRRE elements in their target gene promoters to regulate BR 
responses.  
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CHAPTER 2. Arabidopsis MYB30 is a Direct Target of BES1 and 
Cooperates with BES1 to Regulate Brassinosteroid-induced Gene 
Expression 
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2.1. Abstract 
A paradox of plant hormone biology is how a single small molecule can affect a 
diverse array of growth and developmental processes. For instance, brassinosteroids (BR) 
regulate cell elongation, vascular differentiation, senescence and stress responses. BR signals 
through the BES1/BZR1 (bri1-EMS-suppressor 1/ Brassinazole-Resistant 1) family of 
transcription factors, which regulate hundreds of target genes involved in this pathway; yet 
little is known of this transcriptional network. By microarray and chromatin 
immunoprecipitation (ChIP) experiments, we identified a direct target gene of BES1, 
AtMYB30, which encodes a MYB family transcription factor. AtMYB30 null mutants display 
decreased BR responses and can enhance the dwarf phenotype of a weak allele of the BR 
receptor mutant bri1. Many BR-regulated genes have reduced expression and/or hormone-
induction in AtMYB30 mutants, indicating that AtMYB30 functions to promote the 
expression of a subset of BR-target genes. AtMYB30 and BES1 bind to a conserved MYB-
binding site and E-box sequences, respectively, in the promoters of genes that are regulated 
by both BR and AtMYB30. Finally, AtMYB30 and BES1 interact with each other both in 
vitro and in vivo. These results demonstrated that BES1 and AtMYB30 function 
cooperatively to promote BR target gene expression. Our results therefore establish a new 
mechanism by which AtMYB30, a direct target of BES1, functions to amplify BR signaling 
by helping BES1 activate downstream target genes. 
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2.2. Introduction 
Brassinosteroids (BR) play important roles in many plant growth and developmental 
processes, including germination, cell expansion and division, photomorphogenesis, vascular 
differentiation, senescence and stress/disease resistance (Clouse, 1996; Li and Chory, 1999; 
Krishna, 2003). Mutants defective in BR biosynthesis or perception display dwarf 
phenotypes in both light and dark conditions (Clouse et al., 1996; Li et al., 1996; Szekeres et 
al., 1996; Li and Chory, 1997).  
Genetic and molecular studies in Arabidopsis have greatly advanced our 
understanding of the BR signaling pathway (Clouse, 2002; Thummel and Chory, 2002; 
Belkhadir and Chory, 2006; Li and Jin, 2007). The BR receptor was identified by many 
mutant alleles in a single gene, BRASSINOSTEROID INSENSITIVE1 (BRI1), which encodes 
a leucine rich repeat (LRR) receptor kinase (Clouse et al., 1996; Li and Chory, 1997). BRI1 
binds BRs through a novel 100 amino acid subdomain embedded within the LRRs and 
transduces the hormone signal to downstream targets through its intracellular kinase domain 
(Friedrichsen et al., 2000; He et al., 2000; Oh et al., 2000; Wang et al., 2001; Kinoshita et al., 
2005; Wang et al., 2005; Wang et al., 2005). In the absence of BRs, a novel protein, BKI1, 
binds to BRI1 and inhibits its function (Wang and Chory, 2006). BRs binding to BRI1 leads 
to dissociation of BKI1 (Wang and Chory, 2006) and increased association of BRI1 with 
BAK1, another LRR receptor kinase (Li et al., 2002; Nam and Li, 2002). BRI1 may signal 
through BSK kinases (Tang et al., 2008). 
The output of the signaling pathway is the dephosphorylation of closely-related 
transcription factors including BES1, BZR1 and 4 other members in Arabidopsis (Wang et 
al., 2002; Yin et al., 2002; Zhao et al., 2002).  BES1 was identified by a gain-of-function 
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mutation in the BES1 gene, which suppresses bri1 dwarfism. The gain-of-function mutant 
bes1-D has a constitutive BR response phenotype, including excessive stem elongation, early 
senescence, resistance to a BR-biosynthesis inhibitor Brassinazole (BRZ) in both dark and 
light-grown seedlings, as well as up-regulation of BR-induced gene expression (Yin et al., 
2002), most likely due to increased BES1 protein levels. BZR1 was identified by a gain-of-
function dominant mutation that leads to its over-accumulation; bzr1-D seedlings are 
resistant to BRZ in the dark but hypersensitive to BRZ in the light, due to increased feedback 
inhibition of BR biosynthesis (Wang et al., 2002). Consistent with the difference in the 
mutant phenotypes in the light, BES1 was shown to be a transcriptional activator while 
BZR1 was a transcription repressor (He et al., 2005; Yin et al., 2005). 
BES1 and BZR1 activities are regulated by a GSK3-like kinase BIN2 (Choe et al., 
2002; Li and Nam, 2002; Pérez-Pérez et al., 2002). BIN2 phosphorylates BES1 and BZR1 
and negatively regulates their function (He et al., 2002; Yin et al., 2002; Vert and Chory, 
2006; Gampala et al., 2007; Gendron and Wang, 2007; Ryu et al., 2007). BRs signaling 
through BRI1 inhibits BIN2 function by an unknown mechanism, leading to the 
accumulation of unphosphorylated BES1/BZR1 in the nucleus. The dephosphorylation of 
BES1 is facilitated by BSU1 phosphatase, which is required for accumulation of 
unphosphorylated BES1 (Mora-Garcia et al., 2004). The unphosphorylated forms are capable 
of binding promoter elements in BR-regulated genes.  
Several genome-wide microarray analyses performed in Arabidopsis indicated that 
BRs regulate several classes of target genes, including many cell wall organization enzymes 
required for cell expansion and division, genes involved in ethylene biosynthesis and many 
other metabolic pathways, transcription factors, signaling molecules and genes with unknown 
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functions (Goda et al., 2002; Mussig et al., 2002; Yin et al., 2002; Goda et al., 2004; 
Nemhauser et al., 2004). In light-grown seedlings, BR treatment for 2.5 hr induces the 
expression of about 342 genes and represses the expression of 296 genes (Nemhauser et al., 
2004). Longer BR treatment (12-24 hr) affected many more genes (Goda et al., 2004). 
Reduction of BRs in root tissues in the brevis radix mutant (brx, which has reduced root 
growth) affected about 4000 (or ~15%) of Arabidopsis genes, indicating a more profound 
effect of BRs on long-term gene expression (Mouchel et al., 2006). How BRs regulate 
different subsets of target genes in different tissues, organs, developmental stages and 
environmental conditions is largely unknown.   
BR-induced genes include more than 29 transcription factors, many of which are also 
up-regulated in the bes1-D mutant (Nemhauser et al., 2004, our unpublished results). This 
observation raises the possibility that BES1 directly regulates some of these transcriptional 
factors, which either mediate or modulate BR-target gene expression. Here, we report the 
characterization of one BES1-induced transcription factor, AtMYB30, which was previously 
found to be involved in cell death in hypersensitive response (HR) during pathogen attack in 
adult Arabidopsis plants (Daniel et al., 1999; Raffaele et al., 2006; Raffaele et al., 2008). At 
the young seedling stage, knock-out of the AtMYB30 gene can cause altered BR responses 
and target gene expression. We also found that AtMYB30 protein binds to a conserved 
MYB-binding site in BR-target gene promoters and interacts with BES1. Thus, AtMYB30 is 
a node in a transcriptional circuit by which BRs regulate target gene expression. 
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2.3. Results 
AtMYB30 is a BES1 direct target 
Recently published microarray studies identified 342 BR-induced genes of which 29 
encode putative transcription factors (Nemhauser et al., 2004). We have been studying the 
functions of several BR-regulated transcription factors. Here we present the characterization 
of AtMYB30 (At3g28910) since its expression level increased about 1.5 fold after BR 
treatment in Arabidopsis seedlings (Nemhauser et al., 2004). To confirm the microarray 
result, we examined AtMYB30 expression levels using quantitative real time PCR (Fig. 
2.1A). As expected, AtMYB30 was induced about 1.5 fold in wild-type seedlings after 
treatment with BL, the most active BR. Moreover, in bes1-D mutants (in which BES1 protein 
levels are increased), AtMYB30 expression levels were significantly higher than in wild-type 
plants treated with or without BL. In the dark, the expression level of AtMYB30 was about 2 
times higher than that of seedlings grown under light and is reduced by BRZ, which 
specifically blocks BR biosynthesis at the C-22 hydroxylation step, thereby decreasing 
endogenous BR level (Asami et al., 2000). The induction of AtMYB30 by BRs was also 
reported in the Arabidopsis gene expression eFP browser 
(http://bbc.botany.utoronto.ca/efp/cgi-bin/efpWeb.cgi). All of these results indicate that 
AtMYB30 is regulated by BRs / BES1 and may function in the BR pathway. 
Chromatin Immunoprecipitation (ChIP) experiments were used to determine if BES1 
directly regulates AtMYB30 expression levels. ChIP was performed using anti-BES1 
antibody and a control antibody. TA3, a retrotransposable element in Arabidopsis, which 
does not respond to BRs or contain BES1 binding sites, was used as the internal control (Yu 
et al., 2008). It has been demonstrated that BES1 can bind to E-boxes (CANNTG) to regulate 
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target gene expression (Yin et al., 2005). Quantitative real time PCR was carried out with 
ChIP products and PCR primers flanking E-boxes at -2.3kb and -1.1kb of the AtMYB30 
promoter (Fig. 2.1B). BES1 was enriched significantly at -2.3kb but not at -1.1kb, suggesting 
that BES1 binds to -2.3kb promoter region in vivo. We therefore conclude that BES1 
activates AtMYB30 expression by directly binding to the AtMYB30 promoter, likely through 
the E-box sequences. 
 
AtMYB30 knock-out mutants show altered BR response phenotypes 
To study the function of AtMYB30 in the BR pathway, we first determined its 
expression pattern using the !-glucuronidase (GUS) reporter gene fused to the AtMYB30 
promoter fragment. Consistent with our earlier quantitative PCR analysis (Fig. 2.1A), 
AtMYB30 is strongly expressed in dark-grown seedlings (Fig. 2.1C). In light-grown 
seedlings, AtMYB30 was expressed highly in roots, cotyledons and hypocotyls, and relatively 
weaker in leaves (Fig. 2.1 D and E). The strong expression of AtMYB30 in young seedlings 
and no detectable expression in adult plants (Daniel et al., 1999) suggest that the gene plays 
an important role during early stages of plant development. It is worth noting that BES1 is 
ubiquitously expressed throughout the entire seedlings, which overlaps with the AtMYB30 
expression regions (Yin et al., 2002).  
To investigate the role of AtMYB30 in BR response, we obtained two T-DNA knock-
out lines, atmyb30-1, with a T-DNA insertion located in the third exon and atmyb30-2 with a 
T-DNA inserted in the 5’ UTR region (Fig. 2.2A). No transcripts of AtMYB30 gene were 
detected by RT-PCR in either line (Fig. 2.4, and data not shown), suggesting that they are 
null alleles.  The knock-out lines showed altered BR response phenotypes as measured by 
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hypocotyl elongation assays in the absence or presence of BRZ (Fig. 2.2). Because the main 
function of BRs is to regulate cell elongation, the hypocotyl elongation assays have been 
routinely used to determine BR activity (e.g. Li and Chory1997, Nemhauser et al., 2004, Yin 
et al., 2005).  
In the dark, the knock-out mutants had slightly shorter hypocotyls compared to wild-
type control (Fig. 2.2B and C).  More significantly, in the presence of 1"M BRZ, the knock-
out lines were about 30% shorter than wild-type (Fig. 2.2B and C). The experiments have 
been repeated more than 5 times with similar results. The differences are significant as 
determined by Student’s t-test (p<0.01). The results indicate that AtMYB30 knock-out lines 
are more sensitive to BRZ compared to wild-type seedlings, suggesting that AtMYB30 is 
involved in BR responses.  
The light grown seedlings of AtMYB30 mutants were not obviously different from the 
wild-type plants, however, the mutants were more sensitive to BRZ with shorter hypocotyls 
and darker green leaves (Fig. 2.2D). Taking together, these results demonstrated that 
AtMYB30 plays a positive role in the BR signaling pathway. 
To test if there is any genetic interaction between BRI1 and AtMYB30, we crossed 
the atmyb30-1 with bri1-5, a weak allele of bri1, and generated a bri1-5 atmyb30-1 double 
mutant (Fig. 2.3). bri1-5 has a mutation in the extracellular domain of the BR receptor BRI1 
and displays a semi-dwarf phenotype (Noguchi et al. 1999). The double mutant significantly 
enhanced the bri1-5 phenotype, including reduced hypocotyl and leaf petiole length, and 
rounder, curlier and darker-green leaves under light (Fig. 2.3A and B, Supplementary Fig. 
S2.1).  The inflorescence stems of double mutants were shorter than bri1-5 (Fig. 2.3B), 
although the difference became much more subtle as plants matured (data not shown).   We 
 
 22
also tested BRZ response with dark-grown seedlings of wild-type, bri1-5 and bri1-5 
atmyb30-1 double mutants. As shown in Fig. 2.3C, the bri1-5 atmyb30-1 double mutant was 
more sensitive to BRZ than bri1-5. The results further suggest that AtMYB30 is involved in 
BR pathway. 
 
AtMYB30 regulates a subset of BR-induced genes 
The fact that AtMYB30 is a direct target of BES1 and that loss-of-function mutants 
displayed altered BR response phenotypes suggests that AtMYB30 may function to modulate 
BR-regulated gene expression. We first used Affymetrix Arabidopsis genome arrays to 
examine BR-regulated gene expression in atmyb30-1 in the absence or presence of BRZ in 
the dark, conditions in which the mutants showed most clear and consistent phenotypes (Fig 
2.2B). A western blotting experiment indicated that unphosphorylated BES1 (the active form) 
was reduced significantly in the presence of BRZ in the dark (Supplementary Fig. S2.2), 
suggesting that BRZ can reduce BES1 activity.  In addition, previous microarray experiments 
indicated that there is a strong inverse correlation between BR- and BRZ-regulated genes 
(Goda et al., 2002), we therefore consider the absence of BRZ as plus BR and presence of 
BRZ as minus BR conditions, respectively. Since BRs usually induce gene expression by a 
small fold (1.4 to 5 fold) (Nemhauser et al., 2004), we set the cutoff ratio to 2-fold change 
and only chose genes with expression level above 100 in wild-type without BRZ treatment 
for further analysis. About 400 genes were down-regulated (>2-fold reduction) by BRZ 
treatment in wild-type and therefore are likely BR-induced genes in the dark. More 
importantly, about 25% of those 400 genes were reduced at least 2-fold in atmyb30-1 
mutants compared with wild-type seedlings grown on either control or BRZ medium (data 
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not shown). Nine genes that showed most significant changes were chosen for semi-
quantitative RT-PCR with independent biological samples. All the nine genes were clearly 
reduced in the atmyb30 mutant, in good agreement with the microarray results (Fig. 2.4). 
BRZ treatment also appeared to reduce target gene expression in light grown seedlings. The 
expression level of TCH4 (At5g57560), known to be involved in BR-regulated cell 
elongation (Xu et al., 1995), was reduced in atmyb30-1 in 6-day-old light-grown seedlings 
without or with BRZ treatment (Fig. S2.3).  These results indicate that BES1 and AtMYB30 
act cooperatively to activate a subset of BR-target gene expression in young seedlings.     
We also examined BR responses with several BR marker genes in light grown 
seedlings using quantitative real-time PCR (Fig. 2.5). In general, the expression levels of BR-
induced genes were reduced either in the absence or presence of BL in atmyb30 mutant. The 
BL induction was significantly decreased in at least two genes tested (At5g23860 and 
At2g21140). Taking together, the gene expression studies suggest that AtMYB30 is required 
for the optimal expression and/or BL-induction of a subset of BR target genes in both dark- 
and light-grown seedlings. 
 
AtMYB30 binds to a conserved MYB site in target gene promoters 
To study how AtMYB30 regulates BR-induced (or BRZ-repressed) gene expression, 
we examined the promoter of SAUR-AC1, a well-established BES1 target gene (Yin et al., 
2005) that is also regulated by AtMYB30 (Fig. 2.4). In the ~600 bp SAUR-AC1 promoter 
region, there are five E-box sequences, including four CACATG E-boxes (designated as E1) 
that have been previously shown to bind BES1 (Yin et al., 2005) and one CACTTG E-box 
(designated as E2) (Fig. 2.6A). Adjacent to the E2 site, there is a putative MYB binding site 
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(AACAAAC, designated as MYB1), which was predicted by AGRIS 
(http://arabidopsis.med.ohio-state.edu/AtcisDB/) (Davuluri et al., 2003; Palaniswamy et al., 
2006) (Fig. 2.6A). This observation raises the possibility that AtMYB30 directly binds to 
BR-target gene promoters with BES1 to activate gene expression. We first used Gel Mobility 
Shift Assays (GMSAs) to test the hypothesis. DNA probes containing both E2 and MYB1 
sites or a mutated MYB1 site with 6 of 7 base-pairs changed were first used in the binding 
assay with recombinant BES1 and AtMYB30 proteins, both fused with MBP (maltose 
binding protein) at their N-termini (Fig. 2.6A). BES1 bound to the probe specifically, and its 
binding can be competed by unlabeled probe (Fig. 2.6B, lanes 1-3) and super-shifted by anti-
MBP antibody (lane 4).  AtMYB30 also bound to the probe (lane 6) and the binding can be 
competed by unlabeled wild-type probe (lanes 7 and 8), but not by mutant probe in which the 
MYB1 site is totally disrupted (lanes 9 and 10). AtMYB30 binding was super-shifted by anti-
MBP antibody (lane 11). Moreover, when both BES1 and AtMYB30 were present, they 
appeared to bind to the probe independently (lane 12).  
To further confirm the AtMYB30 binding site, we performed competition with a set 
of mutants, in which every two residues were mutated to “AA” within the MYB1 binding site 
(Fig. 2.6C). Mutations of the residues within the predicated MYB1 site (Mutant 1-4) 
significantly reduced their ability of AtMYB30 binding, while a mutation (Mutant 5) outside 
the MYB1 site (Fig. 2.6C) did not affect its binding. These results indicate that AtMYB30 
specifically binds to the AACAAAC site found in the SAUR-AC1 promoter.       
  
AtMYB30 and BES1 bind to and regulate target gene promoters in vivo 
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We then used a ChIP assay to test if BES1 and AtMYB30 can bind to SAUR-AC1 and 
other target gene promoters in vivo using AtMYB30-Myc transgenic plants (Fig. 2.6D). We 
generated transgenic tagged lines with AtMYB30-MYC driven by the strong and constitutive 
BRI1 promoter (Li and Chory, 1997). Anti-BES1 and anti-Myc antibodies were used to 
immunoprecipitate BES1- and AtMYB30-associated chromatin, respectively, with IgG as 
antibody control. TA3 was used as the internal control. When dark-grown seedlings were 
used to prepare chromatin, the SAUR-AC1 promoter was enriched in both anti-Myc and anti-
BES1 samples compared to the TA3 control (Fig. 2.6D, left bars). On the other hand, as 
shown in Fig. 2.6D (right bars), the TCH4 gene promoter is clearly enriched in light-grown 
seedlings (in which TCH4 is reduced in atmyb30-1, Fig. 2.5) by both BES1 and MYB30. 
These results suggest that AtMYB30 and BES1 can bind to target gene promoters in vivo.  
 
AtMYB30 interacts with BES1 in vitro and in vivo   
The functional interaction of BES1 and AtMYB30 prompted us to examine whether 
they physically interact with each other. We first examined the interaction using bimolecular 
fluorescence complementation (BiFC) assay. In the assay, EYFP is split into N terminal 
(YFP-N) and C terminal (YFP-C) parts (Citovsky et al., 2006). We fused YFP-C downstream 
of BES1 and YFP-N upstream of AtMYB30. When both constructs were transformed into 
Arabidopsis protoplasts, strong fluorescence was observed in the nucleus (Fig. 2.7A and B), 
indicating the reconstruction of EYFP protein and a physical interaction between BES1 and 
AtMYB30 in vivo. About 2-5% protoplasts we observed showed positive signals, depending 
on the quality of protoplasts. As negative controls, BES1-YFP-C plus YFP-N or YFP-N-
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AtMYB30 plus YFP-C were also co-transformed into protoplasts and no positive signal was 
observed (Fig. 2.7C).  
To further test if there is direct interaction between AtMYB30 and BES1, we 
performed a GST pull-down assay with purified proteins expressed from E. coli. As shown in 
Fig. 2.7D, GST-AtMYB30 can pull-down significantly more MBP-BES1 than the GST 
control (Fig. 2.7D, top gel), suggesting that BES1 interacts with AtMYB30 directly in vitro. 
To identify the domain of BES1 required for the interaction, we examined the binding 
between AtMYB30-MBP and a series of truncated GST-BES1 proteins (Fig. 2.7D, middle 
gel). While deletion to BES1 amino acid (aa) position 89 and 140 had no effect on AtMYB30 
binding, deletion to aa 198 of BES1 reduced the interaction. Further deletion of BES1 to aa 
272 abolished the interaction with AtMYB30. These results suggest that the central part of 
BES1 (aa 140-272) is important for interaction with AtMYB30.   
 
2.4. Discussion 
BES1 is a key transcription factor in the BR signaling pathway, regulating the 
expression of many genes. However, relatively little is known about how BES1 regulates 
target gene expression and BR responses. In this study, we demonstrate that BES1 interacts 
with one of its target transcription factors to regulate the expression of a subset of BR-
induced genes. We previously found that BES1 binds E-boxes with its partner BIM1, a 
bHLH protein (Yin et al., 2002; Yin et al., 2005). There are extensive E-box elements 
predicted in the promoter regions of Arabidopsis genes. However, only a small portion of 
these genes are regulated by BES1, implying that BES1 needs other functional partners to 
regulate target genes at certain developmental or environmental stages. The requirement of 
 
 27
AtMYB30 for optimal BES1-induced gene expression at seedling stage provides an 
important mechanism to modulate BES1 function, i.e. a promoter needs to have both BES1 
and AtMYB30 binding sites to achieve a high level of gene expression. The direct interaction 
of BES1 and AtMYB30 may explain, at least in part, the synergistic activation of the subset 
of BR target genes. Since BES1 and AtMYB30 do not bind DNA cooperatively (Fig. 2.6), 
their interactions may lead to synergistic transcriptional activation.  Considering the rather 
weak direct interaction between BES1 and AtMYB30 in vitro (i.e. only about 2-3% of the 
input, Fig. 2.6D), it is possible that additional transcriptional factors or cofactors are involved 
in the formation of a transcriptional activation complex for BR target gene expression, like 
the enhanceosome in the activation of IFN! gene expression (Thanos and Maniatis, 1995). 
Several transcriptional factors (IRF-1, ATF-2/C-Jun, HMG, and NF-#B) bind to different 
DNA elements in the IFN! promoter to form a transcriptional activation complex 
(enhanceosome) for the synergistic induction of the target gene.   
MYB transcription factors are one of the largest transcription factor families in 
Arabidopsis, and are involved in a broad spectrum of physiological processes (Jin and Martin, 
1999). MYB transcription factors are known to cooperate with other transcription factors to 
control developmental processes and hormone-regulated gene expression. In maize, MYB 
transcriptional factor C1 and bHLH factor R interact to regulate genes in the anthocyanin 
pathway (Grotewold et al., 1998). In addition, AtMYB2 and AtMYC2 (bHLH) function 
together to activate genes in the Abscisic Acid (ABA) signaling pathway (Abe et al., 2003). 
More recently, it has been reported that AtMYB77 could interact with auxin response factor 
ARF7 to synergistically activate target genes in the auxin response pathway (Shin et al., 
2007). Our study provides a new example in which a MYB factor (AtMYB30) functionally 
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and physically interacts with an atypical bHLH transcription factor (BES1) to regulate BR 
target gene expression (Fig. 2.7E left).  
Based on our observations that BES1 directly regulates AtMYB30 gene expression 
and that BES1 and AtMYB30 act cooperatively to regulate BR target gene expression, we 
propose that AtMYB30 functions as a BES1 target to amplify the BR signal (Fig. 2.7E right). 
This model correlates well with the kinetics of BR-regulated gene expression. Both auxin and 
BRs function to promote cell elongation, however, it has long been recognized that the 
kinetics of BR promoted elongation is much slower than that of auxin (Clouse et al., 1992; 
Zurek et al., 1994). The model that BES1 activates and cooperates with secondary 
transcription factors to activate target genes may partially explain the longer time required 
for maximum BR-regulated gene expression. 
BRs appear to regulate different sets of genes in different conditions (Nemhauser et 
al., 2004; Goda et al., 2004). This differential gene expression can be achieved by 
interactions of BES1 or its family members with different sets of partners.  AtMYB30, the 
partner of BES1 identified in this study, appears to function during very early stages of plant 
development, which is in good agreement with a previous report that the mRNA level of 
AtMYB30 was relatively high in seedlings, but hardly detectable at adult stages (Daniel et al., 
1999). Consistent with this developmental expression pattern, the BR response phenotype in 
AtMYB30 mutants is strongest in young seedlings (Fig. 2.2) and there is no obvious 
phenotype difference between AtMYB30 knock-out and wild-type plants in adult stage (our 
unpublished observation). Since BRs regulate cell elongation in both seedling and adult 
stages, other factors may function during the later stages to amplify a BR signal. In light of 
this, at least 28 other transcription factors are induced by BRs (Nemhauser et al., 2004) and 
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some of them may function in different tissues and/or developmental stages in a similar 
manner to AtMYB30  (Fig. 2.7E). 
AtMYB30 itself appears to act in different pathways at different developmental 
stages. While AtMYB30 is involved in BR-regulated gene expression at early stages, it is 
implicated in pathogen response in adult plants.  Although AtMYB30 is not expressed at 
adult stages under normal conditions, its expression is rapidly induced during the 
hypersensitive response (HR) to a bacterial pathogen (Daniel et al., 1999). While over-
expression of AtMYB30 increases HR response and pathogen resistance, suppression of the 
gene causes the opposite phenotype, indicating that AtMYB30 is a positive regulator of 
hypersensitive response (HR) (Vailleau et al., 2002). Most recently, AtMYB30 was shown to 
regulate the biosynthesis of very-long-chain fatty acids, which function as the cell death 
messengers in plants (Raffaele et al., 2008).    
In summary, our study establishes a new mechanism by which BRs function through 
BES1 and one of its targets, AtMYB30, to cooperatively activate target gene expression and 
amplify the hormone signal.  The results not only provide important insights into the network 
of BR-regulated gene expression, but also help explain the general mechanisms through 
which a specific signal can be amplified in growth, development and responses to a changing 
environment.  
 
2.5. Materials and Methods 
Plant Materials, Growth Conditions and Hypocotyl Elongation Assay 
Arabidopsis thaliana ecotype Columbia (Col-0) was used as wild-type control. T-
DNA insertion mutants, atmyb30-1 and atmyb30-2, were obtained from ABRC (Arabidopsis 
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Biological Resource Center) and correspond to lines SALK_122884 and SALK_027644 
respectively. Plants were grown in plates or soil under long-day (15h light/ 9h dark) 
conditions at 22oC with 70% humidity. BRZ was added to the ½ MS agar medium during the 
assays. In the hypocotyl elongation assay, seeds collected from plants grown synchronously 
were planted in ½ MS agar plates and kept at 4 $C in the dark for 5 days to ensure equal 
germination time. For the dark treatment hypocotyl measurement, seeds were exposed to 
light for 12 hr before kept in dark at room temperature for 5 more days. Hypocotyls were 
measured from the root of the seedlings to the base of cotyledons.  15-30 seedlings were 
measured in each assay, which were repeated more than 3 times. For BL treatment, about 
100mg 6-day-old light grown seedlings were treated with 1"M BL or DMSO (as control) in 
liquid ½ MS medium for 3 hours. 
 
Plasmid Construction 
All the primers used in this study are listed in the Supplementary Table 1. For 
recombinant protein and GST pull-down assay, AtMYB30 and BES1 coding regions were 
amplified from Col-0 cDNA and incorporated into the pETMALc-H vector (Pryor and 
Leiting, 1997). AtMYB30 and BES1 deletion constructs were cloned into pET42a(+) 
(Novagen). For transgenic over expression plants, AtMYB30 ORF was fused with 2×MYC 
tag flanked by BRI1 promoter (Li and Chory, 1997) and RBCS terminator in pZP211 
(Hajdukiewicz et al., 1994).   
For BiFC assay, the constructs of N or C -terminus of EYFP were described 
previously (Yu et al., 2008). The coding region of AtMYB30 and BES1 were inserted 
downstream of YFP-N or upstream YFP-C constructs, respectively. 
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Plant Transformation and Analyses of Transgenic Plants 
Agrobacterium tumefaciens (stain GV3101) containing plasmid constructs were used 
to transform plants by the floral dip method (Clough and Bent, 1998). Transgenic lines were 
identified by selection in 1/2 MS medium plus 50 mg/l kanamycin. Transgenic plants were 
further identified by semi-quantitative RT-PCR and western blotting. 
 
Gene Expression Analysis 
Total RNA was extracted and purified from seedlings of different genotypes and  
treatments using RNeasy Mini Kit (Qiagen) with on-column DNase digestion, following the 
manufacturers’ instructions. RNA samples were processed by GeneChip Facility at Iowa 
State University (http://www.biotech.iastate.edu/facilities/genechip/Genechip.htm/).  
For RT-PCR, 2 "g total RNA was reverse-transcribed by SuperScript II Reverse 
transcriptase (Invitrogen) following the product instructions. Equal amounts of RT products 
were used for PCR reaction with 25~31 cycles within linear amplification range. PCR 
products were resolved by electrophoresis on 2% agarose gel and images were captured by 
the AlphaImager 3400 system (Alpha Innotech). For quantitative real-time PCR, SYBR 
GREEN PCR Master Mix (Applied Biosystems) and Mx4000 multiplex quantitative PCR 
system (Stratagene) were used following the product instructions. Two biological replicates 
and 2-3 technical replicates (for each biological replicate) were used for each treatment. The 
averages and standard deviations were calculated from biological replicates.  
 
Chromatin Immunoprecipitation (ChIP) 
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Chromatin immunoprecipitation was performed as previously described (Johnson et 
al., 2002)  with 5-day-old Col or AtMYB30 over expression lines. Antibodies against BES1, 
Myc tag (for AtMYB30) and IgG (Sigma) control were used for immunoprecipitation.  Equal 
amounts of starting plant material and ChIP products were used for quantitative real-time 
PCR reaction. The ChIP experiments were performed 2-4 independent times.  The averages 
and standard deviations were calculated from biological repeats.  
 
Gel Mobility Shift Assays (GMSAs) 
Gel shift mobility assay were performed as described (Yin et al., 2005). Briefly, 
oligonucleotide probes were synthesized, annealed, and labeled with P32-%-ATP using T4 
nucleotide kinase (NEB). The binding reactions were carried out in 20 µl binding buffer (25 
mM HEPES- KOH [pH 8.0], 50 mM KCL, 1 mM DTT, and 10% glycerol) with about 1 ng 
probe (10,000 cpm) and about 200ng recombinant proteins purified from E. coli. After 30 
min incubation on ice, the reactions were resolved by 5% native polyacrylamide gels with 
1×TGE buffer (6.6g/l Tris, 28.6g/l glycine, 0.78 g/l EDTA, pH 8.7) and exposed to a 
phosphorimaging screen.  
 
GST Pull-down Assay 
GST pull-down assays were performed as described previously (Yin et al., 2002). 
AtMYB30 and BES1 fragments fused with Glutathione-S-transferase (GST) were purified 
with Glutathione beads (Sigma). AtMYB30 or BES1 fused with Maltose Binding Protein 
(MBP) were purified with Amylose resin (NEB). About 5 "g proteins were used in the assay 
each time. The pull-down assays were repeated 2 times with similar results.  
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Bimolecular Fluorescence Complementation (BiFC) 
Arabidopsis mesophyll protoplasts were prepared and transformed by PEG-mediated 
transfection (Yoo et al., 2007). Protoplasts were observed under an OLYMPUS IX71 
fluorescence microscope with an YFP filter, 16 -24 hours after transformation. The assay was 
repeated more than 3 times with different positive rates, depending on the quality of the 
protoplasts. 
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2.8. Figures 
 
Fig. 2.1. AtMYB30 is a BES1 direct target.  
(A) The expression levels of AtMYB30 were determined using quantitative real time PCR 
with RNA prepared from 10-day-old light-grown Col (WT) or bes1-D seedlings treated with 
or without 1 "M BL for 3 hr and 5-day-old dark-grown Col-0 (WT) in the absence or 
presence of 1 "M BRZ. The number on each column represents the relative expression levels 
compared to an UBQ5 (At5g15400) gene as internal control. (B) CHIP assay indicated that 
BES1 is associated with the promoter of AtMYB30 in vivo. BES1 antibody and GFP 
antibody (as control) were used to immunoprecipitate chromatin prepared from 10-day-old 
light-grown bes1-D seedlings. Quantitative real-time PCR was performed with primers from 
indicated positions at the AtMYB30 promoter. The fold changes were calculated based on the 
relative change of anti-BES1 comparing with anti-GFP, after normalized by TA3 internal 
control. (C-E) AtMYB30 expression patterns in 5-day-old dark-grown (C), 5-day-old (D), or 
10-day-old (E) light-grown seedlings, detected by GUS reporter gene.  
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Fig. 2.2. AtMYB30 knock-out and over-expression lines show altered BR response 
phenotype.  
(A) Schematic representation of the two T-DNA knock-out alleles of AtMYB30 gene. (B) 5-
day-old dark-grown seedlings of Col-0 (WT), atmyb30-1 and atmyb30-2 grown on ½ MS 
media with or without 1"M BRZ. (C) The hypocotyl lengths of 5-day-old dark-grown 
seedlings in the absence or presence of 1 µM BRZ. Averages and standard deviations were 
calculated from 15-30 seedlings.  (D) 6-day-old light-grown seedlings grown on ½ MS media 
with or without 1"M BRZ.   
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Fig. 2.3. AtMYB30 knock-out mutants enhance bri1-5 mutant phenotype. 
(A) 6-day-old light-grown WT, bri1-5 and bri1-5 atmyb30-1 seedlings grown on ½ MS plates. 
(B) Adult phenotype of bri1-5 and bri1-5 atmyb30-1 in soil. (C) The hypocotyl length 
measurements of 5-day-old dark-grown seedlings in the presence of different concentrations 
of BRZ (nM). 
 
 
 
 
 
 
 
 
 
 
 
 
 41
 
 
Fig. 2.4. The expression of a subset of BR-regulated genes is reduced in atmyb30.  
RT-PCR were carried out with a biological replicate of material used in microarray 
experiment using 5-day-old dark grown seedlings in the absence or presence of 1 "M BRZ. 
Nine BRZ-regulated genes, 3 control genes (At4g18810, At3g19540 and At5g15400/UBQ5) 
and AtMYB30 were shown. The numbers below the gel panel (lanes 1-4) represented the 
expression levels from the microarray experiment.  
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Fig. 2.5: BR-induced gene expression was reduced in atmyb30 mutant.  
Quantitative real time PCR was performed using 6-day-old light-grown atmyb30-1 or WT 
seedlings treated with or without 1 "M BL for 3h on At5g57560 (TCH4), At5g23860, 
At4g65490 and At4g21140. UBQ5 was used as the reference gene. The gene expression 
levels were significantly reduced either in the absence or presence of BL in atmyb30-1 
mutant, as tested by one-way ANOVA F-test (P<0.05).  
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Fig. 2.6. AtMYB30 and BES1 bind to promoters of target genes in vitro and in vivo.  
(A) Schematic representations of SAUR-AC1 gene promoter with E1 (CACATG), E2 
(CACTTG) boxes and MYB1 (GTTTGTT/AACAAAC) binding site. Sequences of wild-type 
probe with both E2 and MYB1 sites and mutant probe with mutated MYB1 site were shown.  
(B) Gel mobility shift assays (GMSAs) with BES1 and AtMYB30 proteins using probe 
derived from SAUR-AC1 promoter. Arrows, on the left and right, indicated the BES1 and 
AtMYB30 bands respectively. In lanes 4, 5 and 11, 5 µl anti-MBP antibody (NEB) was 
added and BES1 or AtMYB30 complexes with antibody (Ab) were also indicated. Notice 
that anti-MBP alone produced a background band (lane 5) that was also present in lanes 4 
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and 11. The triangles represented competition with increasing concentrations (50X and 250X) 
of unlabeled wild-type (open) or mutant (filled) probes.  (C) Competition of AtMYB30 
binding with different mutations in the MYB1 site. AtMYB30 protein bound to the wild-type 
probe  (lane1). The binding can be competed by 100 x cold self-competitor (lane 2) and 
Mutant 5 with mutation outside the MYB1 site, but not by mutants 1-4 with consecutive two 
residues mutated within MYB1 sites. (D) Quantitative real-time CHIP PCR assay showed 
that AtMYB30 and BES1 interact with SAUR-AC1 and TCH4 gene promoters in vivo. Anti-
Myc and anti-BES1 antibodies were used to precipitate chromatin prepared from 5-day-old 
dark-grown or 6-day-old light grown seedlings. IgG was used as antibody control. Primers 
from SAUR-AC1, TCH4 or TA3 (internal control) were used to detect the corresponding 
promoters in ChIP products. The fold changes were calculated based on the relative change 
of either anti-Myc or anti-BES1 comparing with anti-IgG, after normalized with TA3 internal 
control. 
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Fig. 2.7. AtMYB30 interact with BES1 in vitro and in vivo. 
(A-B) Co-expression of BES1-EYFP-C and EYFP-N-AtMYB30 lead to the reconstitution of 
EYFP activity as observed under an OLYMPUS IX71 fluorescence microscope with a YFP 
filter. The protoplasts with positive signals in the nuclei are indicated by arrows. (C) Co-
expression of BES1-YFP-C plus YFP-N did not produce any positive signal. (D) BES1 
interacts with AtMYB30 by GST pull-down assay. Full-length BES1 (aa 1-335), including 
DNA BD (DNA binding domain), Phospho (BIN2 phosphorylation domain), PEST motif, 
and the C-terminus (“C”), as well as various deletions are shown. Approximately equal 
amounts of GST, GST-AtMYB30 and MBP-BES1 (top gel) or GST, GST-BES1 deletions 
and MBP-AtMYB30 (middle gel) proteins were used in the assays as shown by Comassie 
stained gel (bottom gel). The proteins were detected by Western blotting with anti-MBP 
antibody (NEB). (E) Models AtMYB30 function in BES1-regulated gene expression. BES1 
activates the expression of AtMYB30, which bind to the target gene promoters together with 
BES1 to synergistically activate a subset of BR target genes. Other BES1 induced 
transcription factors (TFs) may function similarly as AtMYB30 to regulate other BR-target 
genes. 
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2.9. Supplementary Material 
 
                                            
Fig. S2.1. atmyb30-1 enhances bri1-5 mutant phenotype. 
Seedlings of Col-0 (WT), bri1-5 and bri1-5 atmyb30-1 double mutant grown on a ½ MS 
plate under light. 
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Fig. S2.2. BRZ reduces active (unphosphorylated) BES1 in both light- and dark- grown 
seedlings. 
Two-week-old light-grown seedlings grown without (lanes 1-2)or with (lane 3-4) 1 ! m 
BRZ were treated with 1 ! m BL for 3 h. Five-day-old dark grown seedlings were grown in 
the absence (lane 5) or presence of 1 ! m BRZ. Total proteins were prepared from seedlings 
and approximately same amount of proteins were used to detect BES1 by Western blot with 
an anti-BES1 antibody. A non-specific band on the Western blot indicated approximately 
equal loading of samples. 
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Fig. S2.3. BRZ reduces the expression of TCH4 gene in light-grown seedlings. 
Quantitative real-time PCR was performed using 6-day-old atmyb30-1 or WT seedlings 
grown on medium with 1 ! m BRZ. The averages and standard deviations were derived 
from two biological replicates. 
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Table S2.1. Primers used in this study. 
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3.1. Abstract 
Plant steroid hormones, brassinosteroids (BRs), regulate essential growth and 
developmental processes. BRs signal through membrane-localized receptor BRI1 and several 
other signaling components to regulate the BES1 and BZR1 family transcription factors, 
which in turn control the expression of hundreds of target genes. However, knowledge about 
the transcriptional mechanisms by which BES1/BZR1 regulate gene expression is limited. By 
a forward genetic approach, we have discovered that Arabidopsis thaliana Interact-With-
Spt6 (AtIWS1), an evolutionarily conserved protein implicated in RNA polymerase II 
(RNAPII) postrecruitment and transcriptional elongation processes, is required for BR-
induced gene expression. Loss-of-function mutations in AtIWS1 lead to overall dwarfism in 
Arabidopsis, reduced BR response, genome-wide decrease in BR-induced gene expression 
and hypersensitivity to a transcription elongation inhibitor. Moreover, AtIWS1 interacts with 
BES1 both in vitro and in vivo. Chromatin immunoprecipitation experiments demonstrated 
that the presence of AtIWS1 is enriched in transcribed as well as promoter regions of the 
target genes under BR induced condition. Our results suggest that AtIWS1 is recruited to 
target genes by BES1 to promote gene expression during transcription elongation process. 
Recent genomic studies have indicated that a large number of genes could be regulated at 
steps after RNAPII recruitment, however, the mechanisms for such regulation have not been 
well established. The study, therefore, not only establishes an important role for AtIWS1 in 
plant steroid-induced gene expression, but also suggests an exciting possibility that IWS1 
protein can function as a target for pathway-specific activators, thereby providing a novel 
mechanism for the control of gene expression. 
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3.2. Introduction 
Plant steroid hormones, brassinosteroids (BRs) regulate diverse plant growth and 
developmental processes such as cell elongation, vascular development, photomorphogenesis, 
reproduction and stress responses (1, 2). Unlike animal steroid hormones that bind to nuclear 
receptors to directly regulate expression of target genes, BRs function through membrane-
localized receptor BRI1 and several other components to regulate the protein levels and 
activities of BES1 and BZR1 family transcription factors (3-8), which have six members in 
Arabidopsis. While knockout of BES1 alone does not give obvious phenotype, knockdown of 
BES1 and BZR1 by RNAi leads to a semi-dwarf phenotype, suggesting that this family of 
proteins function redundantly in BR signaling (9). BES1 and BZR1 have atypical basic helix-
loop-helix (bHLH) DNA binding domain and bind to E-box (CANNTG) and/or BRRE (BR 
Response Element, CGTGT/CG) to regulate BR target gene expression (9, 10). In addition, 
BES1 interacts with other transcription factors such as BIM1 and AtMYB30 as well as 
putative histone demethylases ELF6 and REF6 (9, 11, 12). Consistent with the important 
roles of BES1 in mediating BR signaling, the gain-of-function mutant bes1-D, in which 
BES1 protein accumulates to high level, displays constitutive BR response phenotypes, 
including excessive cell elongation, resistance to the BR biosynthesis inhibitor brassinazole 
(BRZ), and increased expression of BR-induced genes (7). Despite the emerging findings, 
knowledge about the transcriptional mechanisms by which BES1 and BZR1 regulate gene 
expression is still limited. 
IWS1/SPN1 protein was firstly identified in yeast (13, 14). It was reported to be 
involved in postrecruitment of RNAPII-mediated transcription and required for the 
expression of several inducible genes (14). It was also co-purified with RNAPII and several 
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transcription elongation factors, including Spt6, Spt4/Spt5, and TFIIS (13, 15, 16). Recent 
studies indicated that the yeast IWS1/SPN1 recruited Spt6 and the SWI/SNF chromatin 
remodeling complex during transcriptional activation (17). Human IWS1 has been shown to 
facilitate mRNA export and to coordinate Spt6 and the histone methyltransferase 
HYBP/Setd2 to regulate histone modifications (18, 19). IWS1 appears to be essential, as 
depletion/reduction of IWS1 gene results in lethality in yeast (14) and significant inhibition of 
human cell proliferation in vitro (20). However, the biological function of IWS1/SPN1 and 
mechanism of its action remain largely elusive. 
In this study, we found that AtIWS1, whose yeast and human counterparts are 
implicated in gene expression processes after RNAPII recruitment (14, 17-19, 21), interacts 
with transcription factor BES1 and is required for BR-induced gene expression. Our results, 
therefore, establish an important role for AtIWS1 in plant steroid-induced gene expression 
and provide novel insights into the functions of this conserved protein across eukaryotes as 
well as into the mechanism of transcriptional regulation.  
 
3.3. Results 
seb1 suppresses bes1-D phenotype and has reduced BR response. 
In an attempt to identify BES1 downstream signaling components, we screened for 
suppressors of bes1-D gain-of-function mutant. One of the suppressors, bes1-D seb1, was 
selected for further studies due to its strong suppression of the bes1-D phenotype (Fig. 3.1). 
seb1 is a single recessive mutation as  the F1 seedlings of bes1-D seb1 and bes1-D cross 
displayed bes1-D phenotype and F2 segregated suppressors showed a 3:1 ratio. While bes1-
D seedlings displayed excessive stem elongation, bes1-D seb1 seedlings had reduced stem 
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elongation (Fig. 3.1A). Unlike bes1-D that was resistant to BRZ inhibition in hypocotyl 
elongation assays, the bes1-D seb1 double mutant restored BRZ sensitivity, suggesting that 
this suppressor gene is required for the bes1-D phenotype (Fig. 3.1B).  
 We next cloned the SEB1 gene by map based cloning (Fig. S3.1A). The seb1 
mutation was first narrowed down to a 60 kb region by a set of flanking markers. Five 
candidate genes in the interval were then sequenced. A “G” to “A” mutation in Arabidopsis 
gene At1g32130 was identified, which created an early stop codon in the middle of the gene 
(Fig. S3.1B). Expression of a genomic clone of At1g32130 in the bes1-D seb1 mutant 
complemented the dwarf phenotype (Fig. S3.1C), indicating that the identified mutation is 
responsible for the seb1 phenotype. At1g32130 and its close homolog At4g19000 (44% 
protein sequence identity) have not been characterized in plants before and the C-terminal 
domain shows high homology to C-termini of IWS1 proteins found in other species, 
including yeast and human (Fig. S3.1D). We therefore named these two Arabidopsis genes 
AtIWS1 and AtIWS2, respectively. The seb1 mutant by itself also shows a dwarf phenotype 
compared to En-2 wild-type (Fig. 3.1C). In addition, we obtained a mutant line, atiws1, 
which contains a T-DNA insertion in the third exon of the AtIWS1 gene, most likely resulting 
in a null allele (Fig. S3.2). The atiws1 in Col-0 background and the seb1 in En-2 background, 
both null alleles, have similar semidwarf phenotypes with reduced stem elongation in both 
seedling and adult plants (Fig. 3.1C and Fig. S3.3). While AtIWS1 has high levels of 
expression in both seedling and adult plants, AtIWS2 has barely detectable expression in 
general (http://bbc.botany.utoronto.ca/efp/cgi-bin/efpWeb.cgi). Consistent with the gene 
expression data, the T-DNA knockout line atiws2 shows no visible growth phenotype (Fig 
S3.4). Furthermore, the double knockout line atiws1atiws2 and seb1atiws2 do not enhance 
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atiws1/seb1 semi-dwarf phenotype (Fig S3.4). We therefore conclude that AtIWS1 is the 
active member in this gene family in BR signaling.   
 The seb1 and atiws1 mutants not only have overall dwarf phenotypes, but also exhibit 
altered BR responses in the hypocotyl elongation assays (Fig. 3.1D). Under light, the 
hypocotyl lengths of the seb1 and atiws1 mutants were slightly shorter than the wild-type 
(WT) controls in the absence of BL; however, BL-induced hypocotyl elongation was greatly 
reduced in both mutants comparing to WT. Similarly, in the dark, while mutant seedlings 
were about 20% shorter than WT without BRZ treatment, they were 50% shorter when 
treated with 1"M BRZ, suggesting that the mutants are hypersensitive to reduced BR levels. 
These results demonstrated that AtIWS1 is required for BR-induced cell elongation. 
 
BR induced gene expression is decreased in seb1 mutant 
In order to understand the molecular basis for impaired BR response and growth 
phenotype of the seb1 mutant, we first tested the expression of several known BR target 
genes using quantitative RT-PCR. The expression of all 4 genes tested were significantly 
reduced in the seb1 mutant and increased in the bes1-D mutant, especially under BL induced 
condition (Fig. 3.2A). To gain a global view of how many BR-regulated genes are affected in 
the mutants, we performed microarray analyses using WT, seb1, and bes1-D seedlings (all in 
En-2 background) with or without BL treatments. These experiments identified 3138 and 
3824 differentially expressed genes in seb1 and bes1-D, respectively, compared to WT (Fig. 
S3.5). The substantial overlap (1437 genes) between AtIWS1 and BES1 regulated genes 
suggests that AtIWS1 plays important roles in the BR signaling pathway. To understand this 
further, we analyzed in greater depth the genes that were induced by BL and were reduced in 
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seb1 mutant (Fig. 3.2B&C). Out of the 406 genes that were induced by BL, approximately 
70% were up-regulated in bes1-D (Fig. 3.2C).  Comparison of the seb1 and WT gene 
expression profiles indicated that a large fraction of the BL-responsive genes were also 
regulated by AtIWS1:  31% (127 / 406) were reduced in seb1 in the presence of BL, while 
16% (66 / 406) were reduced in seb1 in the absence of BL (Fig.3.2B).  Most of the BL-
induced genes that were reduced in seb1 (59/66) were also included in the 127 genes reduced 
in seb1 in the presence of BL (Fig. 3.2B). The same conclusion can be drawn from the gene 
clustering analysis with the 406 BR-induced genes (Fig. 3.2C). These genome-wide analyses 
revealed that AtIWS1 plays important roles in BL-induced gene expression. 
 To further understand the reduced growth phenotype of seb1, we examined genes 
implicated in cell elongation (Table 1). BRs promote cell elongation by inducing the 
expression of the genes involved in cell wall-loosening or -modifying enzymes, including 
xyloglucan endotransglycosylase/hydrolase (XTH), xyloglucan endotransglycosylase related 
(XTR), pectin lyase,  pectinesterase as well as expansins (ATEXP) (22-24). There are 27 cell 
wall related genes that are induced by BL, 11 of them have reduced expression in seb1 and 
up-regulated expression in bes1-D (Table 1). In most of the cases, the induction by BL is also 
reduced in seb1 compared to WT. Taken together, the global gene expression studies 
indicated that the expression of many BL-induced genes, including those involved in cell 
elongation, is reduced in seb1 mutant, which explains the impaired growth and BR response 
phenotypes of the mutant.  
 
AtIWS1 interacts with BES1 both in vitro and in vivo 
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The suppression of bes1-D phenotype by seb1 and the reduction of BL-induced gene 
expression in the mutant prompted us to test the hypothesis that AtIWS1 directly interacted 
with BES1.  We first tested the interaction using a yeast-two-hybrid system. While BES1 by 
itself moderately increased the reporter gene expression, co-expression of AtIWS1 and BES1 
significantly activated the reporter gene expression by both qualitative (Fig. 3.3A) and 
quantitative (Fig. 3.3B) assays. We also made a BES1-C terminal deletion mutant that did 
not show activation by itself, but co-expression with AtIWS1 still lead to strong activation of 
the reporter gene, while AtIWS1 itself did not activate the reporter gene expression (Fig. 
3.3A and 3B). This observation indicated that BES1 and AtIWS1 interacted with each other 
in yeast. We next mapped the interaction site on BES1 by GST-pull down assays and found 
that the central part of BES1 (aa 140-271) was sufficient for interaction with AtIWS1 (Fig. 
3.3C). We also tested if BES1 interacts with AtIWS1 in vivo by Bimolecular Fluorescence 
Complementation (BiFC) experiments (25) using an Arabidopsis protoplast expression 
system (26). BES1 and AtIWS1 were fused to C-terminal YFP and N-terminal YFP, 
respectively. Strong fluorescence can be observed in the nucleus when BES1-cYFP and 
AtIWS1-nYFP were co-transformed into the protoplasts, indicating the in vivo interaction of 
BES1 with AtIWS1 proteins (Fig. 3.3D). No positive signals were observed when AtIWS1-
nYFP was co-expressed with cYFP (Fig. 3.3E).  Consistent with its interaction with BES1, 
AtIWS1-GFP is localized in the nucleus (Fig. S3.6).  
 
AtIWS1 is likely involved in transcription elongation  
In yeast and human systems, IWS1/SPN1 is an important transcriptional regulator 
with multiple critical roles that are not fully understood.  It is implicated in transcription 
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elongation by interacting directly with elongation factor Spt6.  We reasoned that if AtIWS1 
were functionally similar to IWS1 from yeast and animal systems, it would interact with the 
conserved Spt6 (At1g65440) in Arabidopsis as well. We then tested the hypothesis and found 
that the conserved N-terminus of AtSpt6 (1-482aa) interacts with either full-length or C-
terminus (203-502aa) of AtIWS1 in the yeast-two-hybrid assay (Fig. 3.4A).   
 The association of AtIWS1 with AtSpt6 implies that AtIWS1 is involved in 
transcription elongation, like IWS1/SPN1 in other systems.  To test the hypothesis, we 
examined the germination and growth of seb1 in medium containing 6-azauracil (6-AU), 
which is commonly used as transcription elongation inhibitor in yeast since it can cause 
depletion of free nucleotide levels therefore decrease transcription elongation efficiency (27). 
As the concentration of 6-AU was increased, both the germination rate and plant growth 
were inhibited. More significantly, seb1 was more sensitive to the inhibitor (Fig. 3.4B), 
supporting a role for AtIWS1 in transcription elongation.   
 If AtIWS1 is indeed involved in RNAPII postrecruitment and transcription elongation 
steps in Arabidopsis, the protein should be associated with the transcribed regions of the 
target genes in vivo, which should differ from the BES1’s binding patterns. We used 
Chromatin immunoprecipitation (ChIP)-qPCR to test the hypothesis.  Two BES1 target genes 
(At1g64380 and At2g22810/ACS4) were chosen because of their long promoters and open 
reading frames that would facilitate the ChIP assays (Fig. S3.7). As expected, BES1 was 
shown to interact mostly with the promoters but not the transcribed regions or the 3’ regions 
in both genes (Fig. 3.4C).  In contrast, AtIWS1 showed strong association with the 
transcribed regions and moderate association with the promoters, only in the presence of BL 
(Fig. 3.4D). This demonstrated a correlation between the activation of BR signaling/BES1 
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accumulation and the association of AtIWS1 to the target genes.  These results are consistent 
with the notion that IWS1 functions at postrecruitment and transcription elongation steps.   
 
3.4. Discussion 
In this study, we found that loss of function in SEB1/AtIWS1 gene significantly 
reduced BR response as measured by hypocotyl elongation assay and caused genome-wide 
decrease in BR target gene expression. AtIWS1 was found to directly interact with BES1 by 
yeast-two-hybrid and BiFC assays as well as GST pull down experiment. AtIWS1 interacted 
with transcription elongation factor Spt6 through conserved domains in each of the proteins. 
Moreover, loss-of-function mutant of IWS1 gene, seb1, showed hypersensitive response to 
transcription elongation inhibitor 6-AU. Finally, the ChIP experiments demonstrated that 
AtIWS1 binding was enriched at both transcribed and promoter regions in the target genes, 
which was clearly different from that of BES1 that is enriched only in promoter regions. 
Based on these data, we propose a model in which BES1 binds directly to AtIWS1 and 
recruits it to BR-responsive gene promoters under BR-induced condition (Fig. 3.4E).  This 
model predicts that the seb1 phenotype would be more evident when the BR pathway was 
activated, which was proven by both the BR response and the genome-wide gene expression 
analyses of the seb1 mutant.  
 All the available evidence suggested that IWS1 family proteins function after 
RNAPII recruitment steps to regulate gene expression, although the molecular mechanisms 
of IWS1 action remain to be fully defined. Yeast IWS1/SPN1 was originally identified in a 
genetic screen with a mutation that suppresses a postrecruitment-defective TBP (TATA 
binding Protein) allele (14). Careful genetic studies indicated that IWS1/SPN1 functions at 
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the postrecruitment step (14). IWS1 was also implicated in transcription elongation as it 
interacts with transcription elongation factor and histone   chaperone Spt6 and was co-
purified with several transcription elongation complexes (13, 15, 16). In this study, we 
showed several lines of evidence that, like its counterparts in yeast and animal systems, 
AtIWS1 is also involved in RNAPII post-recruitment / transcription elongation processes.   
Our study provides compelling evidence that regulation of gene expression can 
happen after RNAPII recruitment. Transcription is a multiphase, highly concerted process, 
involving numerous factors at many stages. Although previous studies of transcription 
regulation were primarily focused on the initiation step, the importance of the regulation at 
transcription elongation has started to be recognized more recently (28-32). Recent genomic 
studies suggest that a large portion of genes in mammalian system can be regulated at post-
initiation steps (29, 31). For example, it has been shown that hundreds of human genes had 
no detectable transcripts while their promoters were occupied by transcription preinitiation 
complex (31). Similarly, it was also observed in human cells that over 30% genes had active 
histone modification markers as well as initiating form of RNAPII at their promoters without 
detectable transcripts (29). The widespread phenomena may be explained by various 
mechanisms including abortive initiation, low processivity and promoter-proximal pausing of 
RNAP II (29). Yet the molecular mechanisms by which the large number of genes is 
regulated after RNAPII recruitment by cellular signaling remain to be fully understood. 
Some transcriptional activators can influence subsequent steps including promoter clearance 
(33), promoter-proximal pausing through P-TEFb (34), and elongation rate of RNAPII 
possibly by interacting with TFIIH (35). For example, the heat shock activator HSF can 
indirectly recruit P-TEFb complex that phosphorylates RNAP II and stimulates promoter-
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paused RNAPII to enter into productive elongation in response to heat shock (36). In 
addition, certain types of transcription activators were able to promote transcription 
elongation in vitro, correlating with their abilities to interact with TFIIH, whose kinase 
activity can convert RNA polymerase from a nonprocessive to a processive form (32, 35, 37). 
The genetic, genomic and molecular evidence presented in this study clearly demonstrates 
that the transcriptional factor BES1 can recruit AtIWS1 to promote plant steroid hormone 
regulated gene expression.  To the best of our knowledge, our study provides the first genetic 
evidence that a transcription regulator involved in postrecruitment/transcription elongation 
can be directly targeted by a pathway-specific transcriptional factor, which reveals a novel 
regulatory mechanism for the control of gene expression. 
Our results extended our understanding about the mechanisms of BES1 regulated 
gene expression. We previously showed that BES1 could interact with ELF6 (Early 
Flowering 6) and its homolog REF6 (Relative of Early Flowering 6), which are Jumonji N/C 
(JmjN/C) domain-containing histone demethylases, to modulate BR responses and other 
developmental processes such as flowering time control. The study of AtIWS1, on the other 
hand, shows that BES1 not only participates in histone modifications during transcription 
initiation, but can also regulate postrecruitment/transcription elongation by interacting with 
factors like AtIWS1. It has been reported that TRIP-1 (TGF-beta Receptor Interacting 
Protein-1), an essential subunit of eIF3 protein translation initiation complex, is 
phosphorylated by BR receptor BRI1, which may modulate its activity and influence protein 
translation (38). BR signaling, therefore, can affect the expression of target genes at multiple 
levels, including chromatin modification, transcription initiation/elongation, as well as 
translation.  
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Our results provide new insights into the biological function of IWS1 family proteins. 
Despite its apparent importance in the regulation of gene expression, the biological functions 
of IWS1 family proteins remain elusive. Yeast IWS1 is essential as complete loss-of-function 
mutant is lethal (14). Similarly, reduction of human IWS1 expression by RNAi leads to the 
arrest of cell growth (20). However, a non-lethal allele of yeast IWS1/SPN1 reveals that 
IWS1/SPN1 is required for the inducible expression of several genes, including PHO5 
induced by phosphate starvation as well as both HIS3 and HIS4 by histidine deprivation (14). 
Similarly, we have observed that AtIWS1 was required for BL induction of many BR target 
genes, including those required for cell elongation (Table 1). Consistent with the reduced 
expression of the BR-induced genes, atiws1/seb1 mutant displayed defect in responding to 
BRs and overall stunted growth phenotype. Therefore, IWS1 may function to respond to 
various environmental conditions to regulate gene expression for optimal growth and fitness. 
In addition to affecting about 1/3 of BR regulated genes, AtIWS1 appears to influence up to 
14% of all genes genome-wide (Fig. 3.3B and Fig. S3.5). Although some of the differential 
gene expression in seb1 mutant may be due to the pleiotropic effect, it’s very likely that 
IWS1 also regulates gene expression in other processes, in addition to the established role in 
BR regulated gene expression.  
Unlike in yeast and human systems (14, 20), AtIWS1 is not essential for Arabidopsis 
survival. Although Arabidopsis seems to be the only species with two copies of IWS1 genes 
among the model organisms, the two genes don’t seem to function redundantly (Fig. S3.4). 
The difference in phenotypic severity between Arabidopsis and other systems may be due the 
possibility that the target genes of IWS1 are essential in yeast and human but not in plants or 
due to the existence of possible functional redundant counterparts in Arabidopsis. 
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Nevertheless, the viable seb1/atiws1 mutant provides a unique tool to dissect the functions of 
IWS1 family proteins by genetic and genomic approaches. Further studies should help reveal 
the molecular functions of this important and conserved protein family in gene expression 
and their biological roles in growth and development in responding to environmental cues. 
 
3.5. Materials and Methods 
Plant Materials, Growth Conditions and Hypocotyl Elongation Assays  
Arabidopsis thaliana ecotype Columbia (Col-0) and Enkheim-2 (En-2) were used as 
wild-type controls. The plant transformation, growth conditions and hypocotyl elongation 
assays were carried out as previously described (11). The AtIWS1 and AtIWS2 T-DNA 
knockout lines are SALK_056238 and SALK_006346, respectively(39).  
 
bes1-D Suppressor Screen 
About 40,000 bes1-D seeds were treated with 0.2% EMS (ehyl methanesulfonate) for 
14 hr and grown in 40 pools (1000/pool). M2 seeds from each pool were grown on 1/2MS 
medium that contains 1 "M Brassinazole (a gift from Prof. Tadao Asami) under light. While 
bes1-D seedlings were resistant to the inhibitory effect of BRZ, suppressors that showed 
sensitivity to the inhibitor were selected. The putative suppressors were confirmed in M3 
generation and backcrossed to bes1-D to determine the dominant/recessive nature of the 
mutations. 
 
Map Based Cloning 
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 The bes1-D seb1 double mutant in En-2 background was crossed to bes1-D single 
mutant in polymorphic Wassilewskija (Ws) background. All the F1 offspring showed bes1-D 
phenotype, indicating that seb1 is a recessive mutation. In the F2 generation, approximately 
3/4 plants showed bes1-D phenotype while the rest 1/4 plants showed bes1-D seb1 
phenotype, suggesting that seb1 is a single gene mutation. Those bes1-D seb1 plants in F2 
generation were used as mapping population. The mutation was narrowed down to 60 kb on 
chromosome 1 by using about 800 bes1-D seb1 plants and 10 CAPS (40), dCAPS (41) or 
SSLP (42)  markers (M1-M10). Five candidate genes in this interval were then sequenced 
and a single basepair change was detected. 
 
Gene Expression and Microarray Analysis  
Total RNA was extracted and purified from seedlings of different genotypes and 
treatments using RNeasy Mini Kit (Qiagen) with on-column DNase digestion, following the 
manufacturers’ instructions. Microarray experiments were performed using Affymetrix 
ATH1 Genome Arrays with two-week-old light grown En2, seb1 and bes1-D seedlings with 
long day condition (16 hours). The plants were treated with either 1 µM BL or DMSO as 
control in liquid 1/2 MS medium for 3 hours. Triplicate samples were collected and 
processed for RNA extraction. The probe labeling, hybridization, and scanning were 
performed in GeneChip facility at Iowa State University according to manufacture’s 
instructions. The microarray data were normalized by R using MAS 5.0 method in affy 
package, and the log2 transformed data set was then analyzed using limma package. The 
false discovery rate (FDR) was controlled at 5%  using Benjamini-Hochberg method and 
genes with adjusted P-value <0.05 were considered to be significantly differentially 
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expressed(43). The clustering analysis was done with GeneSpring program from Agilent 
Technologies. Reverse Transcription Quantitative PCR was performed as described (11). The 
5srRNA was used as reference gene. Three biological replicates and 2-3 technical replicates 
for each biological replicate were used.  
 
Plasmid Construction 
 For recombinant protein and GST pull-down assay, AtIWS1 coding region was 
amplified from Col-0 cDNA and incorporated into the pETMALc-H vector (44). BES1 and 
various deletion constructs were cloned into pET42a(+) (Novagen). For transgenic GFP 
plants, AtIWS1 ORF was fused with GFP tag flanked by BRI1 promoter (45) and RBCS 
terminator in pPZP211 (46).  For transgenic AtIWS1-TAP(Tandem Affinity Purification)-tag 
plants, AtIWS1 ORF was fused into vector p35SCTAP with 35S-promoter and  the tag 
containing a protein A module, a six His repeat (6x His) and nine copies of a myc repeat 
(9xmyc) (47). For BiFC assay, the constructs of N or C -terminus of EYFP were described 
previously (12). The coding region of AtIWS1 and BES1 were inserted upstream of YFP-N 
or YFP-C constructs, respectively.  
 
Phylogenetic analysis 
 Protein sequences were obtained from NCBI, and aligned by ClustalX 2.0 
(http://bips.u-strasbg.fr/fr/Documentation/ClustalX). Mrbayes program 
(http://mrbayes.csit.fsu.edu/index.php) was used to reconstruct the evolutionary tree. After 
500,000 iterations in Mrbayes, the split frequency reached as low as 0.005, which suggested 
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high confidence of convergence. The tree was viewed by TreeViewX 
(http://darwin.zoology.gla.ac.uk/_rpage/treeviewx). 
 
Chromatin Immunoprecipitation (ChIP)  
Chip was performed as described by Pikaard lab based on published methods (48, 49) 
(http://www.biology.wustl.edu/pikaard/) with two-week-old bes1-D seedlings using 
antibodies against BES1 or IgG (Millipore) control for immunoprecipitation. The method for 
ChIP with two-week-old WT and AtIWS1-TAP seedlings was slightly modified, using IgG 
sepharose beads for immunoprecipitation instead of antibody and protein A beads. The ChIP 
experiments were performed 3-4 independent times.  
 
GST Pull-down Assay  
The assay was performed as described previously (7). BES1 and its fragments fused 
with Glutathione-S-transferase (GST) were purified with Glutathione beads (Sigma). 
AtIWS1 fused with Maltose Binding Protein (MBP) was purified with Amylose resin (NEB). 
About 5 mg proteins were used in each assay. The products then were detected by western 
using antibody against MBP tag (NEB). The pull-down assays were repeated 3 times with 
similar results. 
 
Bimolecular Fluorescence Complementation (BiFC)  
Arabidopsis mesophyll protoplasts were prepared and transformed by PEG-mediated 
transfection as described previously (26). Protoplasts were observed under an OLYMPUS 
IX71 fluorescence microscope with an YFP filter, 16-24 hours after transfection. The assay 
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was repeated 2 times with different positive rates (5-10%), depending on transfection 
efficiency. 
 
Yeast two-hybrid and lacZ Assays  
Yeast two-hybrid assay was done as described by Yeast Protocols Handbook 
(Clontech). Yeast (Y187) transformed with indicated constructs was grown in media lacking 
Trp and Leu. Positive clones were used for LacZ assay using X-gal (5-bromo-4-chloro-3-
indolyl-b-D-galactopyranoside, Sigma) or quantitative liquid assay using ONPG (ortho-
nitrophenyl-b-D-galactopyranoside, Sigma). 
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3.8. Figures. 
 
 
Fig. 3.1: seb1 suppresses bes1-D phenotype and has reduced BR response. 
(A) Two-week-old light grown seedlings. (B) Hypocotyl elongation assay with two-week-old 
light grown seedlings in the absence or presence of 1000 nM BRZ. (C) Two-week-light 
growing seedlings of Col-0, T-DNA insertion line atiws1 (SALK_056238)  in Col-0 
background, En-2 and seb1 single mutant in En-2 background. (D) Hypocotyl elongation 
assays with 2-week-old light grown seedlings (0 and 100 nM BL), or 5-day-old dark-growing 
seedlings (0 or 1&&&'nM BRZ). 15-20 seedlings were used for each line for each condition 
and the difference between mutants and wild type were significant, as measured by student’s 
t-test (P<0.05).  
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Fig. 3.2: BR induced gene expression is decreased in seb1 mutant. 
(A) Quantitative RT-PCR was performed with 2-week-old seedlings treated with or without 
1000 nM BL. The gene expression levels were significantly reduced in seb1 and increased in 
bes1-D as tested by two-way ANOVA F-test (P<0.01). The average and standard deviations 
were from three biological repeats.   (B) Venn diagram shows the overlap genes among 
different groups. (C) Clustering analysis of 406 BL-induced genes by GeneSpring program. 
Yellow rectangles indicated genes reduced in seb1 in the presence of BL. 
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Fig. 3.3: AtIWS1 interacts with BES1 both in vitro and in vivo. 
In yeast two-hybrid experiments to detect direct protein-protein interactions, !-galactosidase 
(LacZ) activity was detected with X-gal (A) or with ONPG in a quantitative liquid-culture 
assay (B). (C) GST pull-down experiments using MBP-AtIWS1 and GST tagged full-length 
or truncated BES1. Full-length BES1 includes a DNA binding domain (DNA BD), BIN2 
phosphorylation domain (Phospho), PEST motif, and the C-terminal domain. AtIWS1 was 
detected by a Westen blot with anti-MBP antibody. (D) Co-transformation of Arabidopsis 
protoplasts with BES1-cYFP and AtIWS1-nYFP lead to the reconstitution of YFP activity in 
the nuclei, as indicated by arrows. (E) Co-transformation of cYFP and AtIWS1-nYFP did not 
produce any positive signals. 
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Fig. 3.4: AtIWS1 is likely involved in transcription elongation. 
(A) Yeast-two-hybrid assays to detect interactions between AtIWS1 or AtIWS1 C-terminal 
(IWS1 domain) and Arabidopsis Spt6 (At1g65440) N-terminal domain. (B) 4-week-old 
plants in the media with indicated concentrations (mg/L) of 6-AU. The germination rates 
were determined after 3-week of culture under light. The assay was repeated three times and 
representative results are shown. (C) ChIP using bes1-D seedlings with anti-BES1 antibody 
and control IgG. (D) ChIP using AtIWS1-TAP transgenic and WT seedlings. The 5srRNA 
was used as internal control for (C) and (D). The average and standard deviations were 
derived from 3-4 biological replicates. (E) A model for AtIWS1 function in BES1 mediated 
gene expression. 
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3.9. Supplementary Materials 
 
 
Fig. S3.1: Identification of SEB1 gene.  
(A) Map based cloning of SEB1: The CAPS/dCAPS/SSLP markers (M1-M10) used in 
chromosome walking are indicated with their relative positions to SEB1 gene. The numbers 
of recombinants from north (N) or south (S) directions on chromosome are indicated. seb1 
mutation was narrowed down between M4 and M9, an interval of 60Kb. The detailed 
information about markers is in supplement table 5. (B) Structure of SEB1/AtIWS1: Solid 
boxes indicate exons and lines indicate introns. The corresponding IWS domain is shown.  
The early stop codon in seb1 mutant removes almost ¾ of the conserved IWS1 domain, 
likely resulting in a non-functional protein.  (C) Seedlings of bes1-D seb1 and two rescued 
lines of bes1-D seb1 transformed with the AtIWS1 genomic clone. (D) A phylogenetic tree 
with Arabidopsis AtIWS1, AtIWS2 and IWS1 proteins from other indicated species. IWS1 
homolog in green alga Chlamydomonas was used as the outgroup during the analysis.  
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Fig. S3.2: T-DNA-knock-out mutant atiws1 is a null allele.  
RT-PCR showed that no transcript was detected in T-DNA-knock-out mutant atiws1. Primers 
for gene AtIWS1 were designed across the T-DNA insertion site.    
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Fig.S3.3: Adult phenotypes of seb1 and atiws1 mutants.  
Both mutants have a stunted growth phenotype, characterized by reduced leaf petiole lengths 
(as indicated by arrows) and smaller leaves.     
 
 
Fig. S3.4: Seedlings of Col, atiws1, atiws2 and double mutant atiws1 atiws2. 
Ten-day-old seedlings of Col, atiws1, atiws2 and double mutant atiws1 atiws2 were grown 
on ½ MS medium under long day condition.    
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Fig. S3.5: BR-regulated genes and genes differentially expressed in bes1-D and seb1.  
A Venn diagram produced by GeneSpring program shows the overlaps among genes 
differentially regulated in bes1-D, seb1 and genes regulated by BL.   
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Fig. S3.6: AtIWS1 is a nuclear localized protein.  
A DAPI stained root tip of two-week-old AtIWS1-GFP transgenic seedling was viewed under 
a GFP filter (top), DAPI filter to reveal nuclei (middle) and merged image (bottom). Arrows 
indicate nuclei with both GFP signals and DAPI staining. 
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Fig. S3.7: Positions of primers used in ChIP assays. 
Quantitative PCR was performed to examine the ChIP products using three pairs of primers 
for each of the two genes tested, including primers flanking BES1 binding sites in the 
promoter, primers in the middle of the transcribed region and primers outside of the 
transcribed region at the 3’. 
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4.1. Abstract 
Brassinosteroids (BRs) are important regulators for plant growth and development. 
BRs signal to control the activities of the BES1 and BZR1 family transcription factors. 
However, how BES1/BZR1 regulates large number of genes is mostly unknown. By 
combining chromatin immunoprecipitation coupled with Arabidopsis tiling arrays (ChIP-chip) 
and gene expression studies, we have identified 404 BES1 direct target genes that are 
regulated by BRs and/or BES1. BES1 targets contribute to BR responses and crosstalk with 
other hormonal or light signaling pathways. Computational modeling of gene expression data 
using ARACNe reveals that BES1-targeted transcriptional factors form a gene regulatory 
network (GRN). Mutants of many genes in the network displayed defects in BR responses. 
Moreover, we found that BES1 functions to inhibit chloroplast development, confirming a 
hypothesis generated from the GRN. Our results provide a global view of BR regulated gene 
expression and a GRN that guides future studies in understanding BR-regulated plant growth.  
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4.2. Introduction 
Brassinosteroids (BRs) are a group of plant steroid hormones that play fundamental 
roles in orchestrating plant responses to developmental and environmental cues. They are 
widely distributed throughout the plant kingdom and among various plant tissues such as 
roots, shoots, leaves and flowers (Clouse and Sasse, 1998). BRs regulate multiple biological 
processes, including cell elongation, vasculature differentiation, photomorphogenesis, 
senescence and stress responses. Defects in BR biosynthesis or perception result in severe 
dwarfism, delayed senescence, de-etiolation in dark and reduced male fertility (Chory et al., 
1991; Clouse et al., 1996; Li and Chory, 1997).  
Knowledge has been built up about BR signaling transduction in the past decade 
(Belkhadir and Chory, 2006; Gendron and Wang, 2007; Li and Jin, 2007). BRs are perceived 
by a membrane-localized receptor kinase, BRI1 (Brassinosteroid Insensitive 1) (Li and Chory, 
1997), which binds BRs with a 70 amino acid island domain and a nearby leucine-rich repeat 
(LRR) motif in the extracellular domain (Kinoshita et al., 2005; Wang et al., 2001). Binding 
of BRs leads to the release of its inhibitor BKI1, activation of BRI1’s intracellular kinase 
domain and association with co-receptor BAK1, through a series of phosphorylation events 
(Li et al., 2002; Nam and Li, 2002; Oh et al., 2009b; Wang et al., 2005a; Wang et al., 2008; 
Wang et al., 2005b; Wang et al., 2006). Several BRI1 substrates have been identified, 
including BSK1 that functions through BSU1 phosphatase to regulate negative regulator 
BIN2 (Ehsan et al., 2005; Kim et al., 2009; Li and Nam, 2002; Mora-Garcia et al., 2004; 
Nam and Li, 2004; Tang et al., 2008). BIN2, a GSK3-like kinase, phosphorylates the 
BES1/BZR1 family transcription factors to negatively regulate BR signaling (Choe et al., 
2002; Li and Nam, 2002; Pérez-Pérez et al., 2002). Recent studies have suggested that 
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phosphorylation controls BES1/BZR1 in several ways, such as targeting protein to 
proteasome-mediated degradation, retaining protein at the cytoplasm and reducing DNA 
binding affinity (Gampala et al., 2007; Gendron and Wang, 2007; He et al., 2002; Ryu et al., 
2007; Vert and Chory, 2006; Wang et al., 2002; Yin et al., 2002; Zhao et al., 2002).  
BES1 and BZR1 are two well-characterized transcription factors in the BR signaling 
pathway. They are unique for plants and share 88% identity at the amino acid level (Wang et 
al., 2002; Yin et al., 2002; Zhao et al., 2002). They both have an atypical basic helix-loop-
helix (bHLH) DNA-binding motif in the N terminus and have been shown to bind E-box 
(CANNTG) and BRRE (CGTGT/CG) elements, respectively (He et al., 2005; Yin et al., 
2005). The middle portion of these proteins harbors multiple BIN2 phosphorylation sites and 
a PEST domain. A single proline to leucine substitution in the PEST domain results in the 
accumulation of both phosphorylated and unphosphorylated BES1 and BZR1 in bes1-D and 
bzr1-D mutants, indicating that the PEST domain has an important role in controlling protein 
stability.  Concomitant with the accumulation of BES1-D protein, bes1-D mutant displays 
constitutive BR responses including excessive cell elongation and up-regulation of BR 
induced genes (Yin et al., 2002). 
 BES1 has been shown to interact with other transcription factors to synergistically 
activate target genes (Li et al., 2009; Yin et al., 2005) and to recruit two jumonji domain-
containing histone demethylases ELF6 and REF6 (Yu et al., 2008), and a transcription 
elongation factor IWS1 (Li et al., 2010) to regulate gene expression. Several atypical bHLH 
proteins are involved in BR signaling either positively (ATBS1 and PRE1) or negatively 
(AIF1 and IBH1), but the mechanisms of action remain to be established (Wang et al., 2009; 
Zhang et al., 2009). Genome-wide microarray experiments in Arabidopsis have demonstrated 
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that BRs regulate the expression of many genes. For example, in light-grown seedlings, 2.5 
hours BR treatment induces the expression (transcript accumulation) of 342 genes and 
represses the expression of 296 genes (Nemhauser et al., 2004). We found that in adult plants, 
about 1170 genes showed altered expression after 2.5 hours BR treatment (Guo et al., 2009). 
Treatment with BR for longer periods of time leads to successively more changes in 
transcript profiles (Goda et al., 2004). The transcriptional network through which BRs 
regulate thousands of target genes is largely unknown. In addition, the majority of BES1 
direct target genes have not been identified. Toward this end, we performed chromatin 
immunoprecipitation coupled with high-resolution tiling arrays (ChIP-chip) and global gene 
expression studies to identify and characterize BES1 direct target genes in Arabidopsis 
genome. 
ChIP-chip has been used to generate high-resolution maps of genome-wide 
distributions of histone modifications (Minsky et al., 2008; Morris et al., 2007; Opel et al., 
2007; Zhang et al., 2007) and transcription factor binding sites in several species. The latter 
can be exemplified by studies on transcription factors Twist, Biniou and Ladybird in 
Drosophila (Jakobsen et al., 2007; Sandmann et al., 2007), estrogen receptor and homeobox 
C6 in human cancer cells (Carroll et al., 2006; McCabe et al., 2008), as well as HY5, AGL15 
and PIL5 in Arabidopsis (Lee et al., 2007; Oh et al., 2009a; Zheng et al., 2009). These studies 
have led to unexpected discoveries in transcription regulation and also provided unique 
resources for further research. 
In this study, we identified BES1 target genes based on ChIP-chip and gene 
expression studies and characterized BES1 in vivo binding sites. We established a BR 
transcriptional network based on computational modeling and confirmed the functions of 
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many genes in the network in BR responses. Our results, therefore, provide new insights into 
the mechanisms by which BES1 regulates downstream gene expression and mediates BR 
responses in Arabidopsis. 
 
4.3. Results 
Genome-wide identification of BES1 binding regions by ChIP-chip 
In order to map in vivo BES1 binding regions throughout the genome, we utilized the 
Arabidopsis Tiling 1.0R Array from Affymetrix, which is composed of more than 3 million 
probes presenting the non-repetitive genome with one probe per 35bp DNA on average. We 
raised anti-BES1 antibody against the C-terminus of BES1 (aa 89-335) that does not include 
the most conserved N-terminal DNA binding domain. To test its specificity, the affinity-
purified antibody was used to detect BES1 in wild-type, bes1-D or bzr1-D mutants (in which 
BES1 and BZR1 accumulate to high levels, respectively). The antibody mostly recognizes 
BES1 in plants as it detected dramatic increase of BES1 protein in bes1-D but not the 
increase of BZR1 in bzr1-D mutant (Fig. 4.1A). We decided to use the bes1-D mutant in the 
ChIP-chip experiments based on the following reasons. First, the mutant BES1 protein 
accumulates up to 20 times more than in the wild-type plants (Fig. 4.1A), which assures that 
most of the positive intervals detected are likely derived from BES1, rather than its close 
homologs. Second, the mutant BES1 protein is functional as bes1-D mutant displays 
constitutive BR responses (Yin et al., 2002). BES1-bound DNA was isolated with BES1 
antibody, from bes1-D mutant seedlings with 3 biological repeats, using an unrelated 
antibody as negative control. The datasets in triplicates were analyzed by CisGenome with 
the Moving Average (MA) option, which has been demonstrated with high sensitivity and 
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accuracy (Gottardo et al., 2008; Ji and Wong, 2005). Positive intervals were defined as 
regions that contained at least 2 continuous probes above the statistic threshold (MA>=3) 
(Fig. 4.1B). 
 Under such stringent conditions (Zhang et al., 2006), we identified 1718 BES1 
positive intervals across the genome, which were distributed on all five chromosomes (Fig. 
4.1C). Among all the positive intervals, none of them was from the chloroplast genome 
(ChrC, 150kb) and only 2 identified in the mitochondrion genome (ChrM, 370kb), which has 
high homology with areas on Chr2. The result suggests that the positive regions we identified 
are likely true BES1 targets. All chromosomal intervals were assigned to genes if they are 
located in the gene promoters and/or gene bodies according to the TAIR8 annotation, which 
identifies 1609 putative BES1 target genes that accounts for 5.1% of the total gene 
population in the Arabidopsis genome. 
 
BES1 directly regulates many BR-responsive genes 
We first compared the 1609 BES1 targets identified by ChIP-chip with 2163 BR-
regulated genes at different developmental stages, including the ones from this study (see 
next) and those published previously (Goda et al., 2004; Guo et al., 2009; Nemhauser et al., 
2004). Eighty-five out of 1188 (7.2%) BR-induced genes and 165 out of 975 (17.0%) BR-
repressed genes overlapped with the targets of BES1 in vivo (Fig. 4.2A). Therefore, a total of 
250 (11.6%) BR-responsive genes were direct BES1 targets.  
To determine how many BES1 target genes are differentially expressed in the bes1-D 
mutants (in which BES1 accumulates to high level, Fig. 4.1A), we performed microarray 
experiments using bes1-D seedlings with or without BL treatment. A total of 4194 genes are 
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either down- or up-regulated in bes1-D mutant (Fig. 4.2A&B). About 272 of them are BES1 
direct targets, 118 of which are regulated by BRs. Interestingly, 154 BES1 target genes that 
are regulated in the bes1-D mutant did not appear to be responsive to BRs, BR regulation of 
these genes may not be detectable under tested conditions in wild-type but their regulations 
by BES1 are magnified in bes1-D. These genes thus are also considered verified BES1 
targets. All together, 404 (250+154) out of 1609 (1090 of which are tested for expression), or 
37% of BES1 targets, are differentially expressed in response to BR and/or in bes1-D (Fig. 
4.2A&C). These 404 genes can be either up- or down-regulated by BRs and BES1 (Fig. 
4.2C), suggesting that BES1 can function either as an activator or as a repressor. Interestingly, 
686 BES1 targets, which do not appear to be regulated by BRs or BES1, have low levels of 
expression in general, implying that they may be regulated by BR at different growth or 
developmental stages (Fig. 4.2D). 
We performed a Z-test on whether the percentage of BES1 target genes that are 
regulated by BRs (11.6%) or in bes1-D (6.5%) is significantly higher than the percentage of 
BES1 targets at the whole genome level (5.1%), i.e., whether we have true enrichment of 
BES1 targets among the genes that are regulated by BRs or in bes1-D. The p–values are very 
small (0 for BR-regulated BES1 targets and 0.0000188 for BES1 targets regulated in bes1-D). 
Taking consideration of multiple testing, we still found that there are significant enrichments 
of BES1 targets among the genes regulated by BRs or in bes1-D. The enrichments would be 
more significant if these percentages are compared to BES1 target genes that are not 
regulated by BRs and/or in bes1-D.  
The 404 verified BES1 target genes that are either regulated by BRs or by bes1-D are 
chosen for further analysis. To determine how many of the BES1 targets identified in bes1-D 
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mutant are also targets in wild-type, we randomly selected 49 genes from the positive 
intervals and conducted ChIP-PCR with bes1-D mutant and wild-type plants by semi-
quantitative and quantitative PCR (Fig. 4.1D and Fig. S4.1). All 49 genes are confirmed to be 
BES1 targets in bes1-D and 46 of them are also confirmed in wild-type plants. The 
enrichment in wild-type is in general less robust than in bes1-D, reinforcing the importance 
of using bes1-D in Chip-chip analysis. The result may also explain, at least in part, the fact 
that BRs usually induce gene expression by about 2-4 folds (Yin et al., 2002). Taken together, 
the results indicate that about 90% of BES1 targets identified in bes1-D are physiological 
targets of BES1 in wild-type plants.  
 
Characteristics of BES1 in vivo binding sites 
To gain a global view of the distribution of BES1 binding regions on the BES1 target 
genes, we determined the distances from the centers of the positive intervals to the 
transcription start sites (TSS). TSS for each gene is determined according to the TAIR8 
annotation. Although it is well established that eukaryotic transcription factors can function 
over long distances, BES1 tended to bind to DNA sequences near the TSS (Fig. 4.3A&B). In 
all BES1 targets (Fig. 4.3A) and in the BR-regulated BES1 targets (Fig. 4.3B), the highest 
frequencies of interval occurrence appeared to be around the TSS (-500 ~ 500). So we 
conclude that BES1 tends to bind to DNA elements in close proximity to the TSS to regulate 
gene expression. 
 BES1 was previously found to bind to the E-box (CANNTG) (Yin et al., 2005) and 
its close homolog BZR1 was found to bind to the BRRE (BR Response Element, 
CGTGT/CG) to regulate gene expression (He et al., 2005). To further define BES1 in vivo 
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binding sites, we performed de novo motif discovery of the BR-regulated BES1 targets using 
the cosmo algorithm (Bembom et al., 2007) and found that  while E-boxes are present in both 
BR-repressed and BR-induced genes, BRRE is more dominant in BR-repressed genes (Fig. 
4.3C&D). Our results, therefore, indicate that BES1 can target both BRRE and E-boxes in 
vivo to regulate gene expression. 
 
BES1 target genes are involved in multiple aspects of BR pathway  
BES1 directly targets genes of different functional groups, including signaling 
molecules, enzymes, and many with unknown functions (Fig. 4.4A). Some BR-responsive 
BES1 target genes contributed to cell elongation and cellular growth, such as cell wall 
modifying enzymes (ATH19 and extensin), although many BR-regulated cell wall-modifying 
enzymes do not appear to be BES1 direct targets. BES1 positively regulated itself and this 
self-amplification mechanism could increase the hormone response efficiency. On the other 
hand, BES1 repressed the expression of several BR biosynthesis enzymes such as CPD and 
DWF4, as well as the expression of BR signaling components BRI1, and BES1 homologs 
BEH1 and BEH2, thereby attenuating BR responses in a feedback inhibition loop (Fig. S4.2).  
BES1 also tightly connects the BR pathway to other hormone responses in 
Arabidopsis. Genes involved in auxin (p=0.000), gibberellin (p=0.001), light (p=0.002), 
abscisic acid (p=0.003) signaling were over-represented in BR-responsive BES1 target genes 
according to gene ontology analysis (Fig. 4.4B), which was consistent with the observed 
interactions among these hormones (Moller and Chua, 1999). For example, it is well 
documented that BRs and auxin function cooperatively to regulate many developmental 
processes such as cell elongation (Hardtke, 2007). Our results showed that BES1 targeted not 
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only auxin responsive genes such as SAUR-like proteins and the IAA1 transcription factor, 
but also auxin efflux facilitators (PIN4, PIN7) which control the spatial distribution of auxin 
and have profound effects on auxin action (Paponov et al., 2005). The results suggest that 
one mechanism for BR-auxin crosstalk is through BES1 regulated genes involved in auxin 
responses and transport.  
 
BES1 initiates a hierarchical transcription network downstream of BR signaling 
We found that 34 BES1 targeted transcription factors (BTFs) are responsive to BR 
treatment (Fig. 4.2A) and hypothesize that these transcription factors form a transcriptional 
network to mediate BR responses. If the BTFs indeed function to mediate BR responses, we 
should be able to observe some expression correlation among them, which can be 
demonstrated by reconstruction of a gene regulatory network (GRN). For this purpose, we 
employed ARACNe (Algorithm for the Reconstruction of Accurate Cellular Networks), 
which was developed and successfully used to infer a GRN in human B cells (Basso et al., 
2005). ARACNe calculates expression correlations between genes based on mutual 
information and picks out statistically significant correlations, presented as edges in GRNs 
(Basso et al., 2005). We used 199 BR-responsive transcription factors (including 34 BTFs) as 
well as two BR-signaling components, BRI1 and BIN2, as probes to reconstruct a GRN 
based on the publicly available microarray datasets. A sub-network including 32 BTFs and 
several other BR-regulated transcription factors is presented in Fig. 4.5. The BR-regulated 
transcription factors including BTFs are extensively interconnected, suggesting strong 
expression correlation and possible interactions among them. Interestingly, BES1 expression 
does not closely correlate with most BTFs, presumably because BES1 activity is mainly 
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regulated at the protein level (only moderate transcriptional change in response to BR) so 
BES1 direct targets may not show direct connections in this network based on transcript 
levels (Yin et al., 2002). Nevertheless, the network confirms some previously published gene 
interactions. For example, it is known that BR induces the bHLH genes BEE1, BEE2 and 
BEE3, which function redundantly to mediate some BR responses (Friedrichsen et al., 2002). 
Consistent with the genetic results, interactions are detected between BES1, BEE2 and BEE3. 
Furthermore, we recently found that MYB30, connected to several BES1 targets as well as 
BR signaling gene BIN2 in the network, is a BES1 target gene that functions to amplify BR 
signaling (Li et al., 2009).  
 The network also predicts previously unknown interactions such as those between 
BES1, PIL6, GLK1 and GLK2. PIL6, a bHLH factor involved in light signal transduction 
(Fujimori et al., 2004), is a BES1 direct target and interacts with many other BR-regulated 
transcription factors and GLK1/GLK2. GLK1 and GLK2 are related transcriptional factors 
that function redundantly to promote chloroplast development (Fitter et al., 2002; Waters et 
al., 2008; Waters et al., 2009). BR mutants have premature chloroplast development and 
ectopic expression of light-regulated genes when grown in the dark (Chory et al., 1991). The 
interactions between BES1 and GLK1 and GLK2 suggest that BES1 can prevent chloroplast 
development in the dark by repressing expression of GLK1 and GLK2.  
 To test the hypothesis, we examined the chloroplast development in bes1-D grown 
under light, in which chloroplasts are developed so the inhibitory effect of BES1 can be 
assayed. Consistent with the idea that BES1 functions through GLK1 and GLK2 to inhibit 
chloroplast development, bes1-D seedlings are pale-green and have reduced amounts of 
chlorophyll (Fig. 4.6A&B).  These reductions are not accompanied by drastic alterations in 
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chloroplast ultrastructure or in the ability of the mutant to form thylakoids and grana, but 
rather, bes1-D chloroplasts have dramatically enlarged plastoglobules (PG) (Fig. 4.6B&C). 
Plastoglobules are lipoprotein bodies that participate in a variety of metabolic pathways, 
primarily involving lipids, carotenoids and tocopherols (vitamin E) (Grennan, 2008).  Some 
of these compounds protect thylakoid membranes from oxidative stress, and in agreement 
with this role, plastoglobule size and/or number increase under various abiotic and biotic 
stress conditions (Brehelin and Kessler, 2008).  The finding of abnormally large 
plastoglobules in bes1-D chloroplasts therefore points toward an impact of BES1 
accumulation on chloroplast biogenesis and/or function.  Since BES1 acts to repress the 
expression of GLK1 and GLK2 (Fig. 4.6E), we examined the expression of the top 20 genes 
that are regulated by GLK1 and GLK2 (Waters et al., 2009) and found that at least 7 of them 
have significantly reduced expression in bes1-D (Fig. 4.6F).  Many of these genes encode 
chloroplast proteins, e.g. light-harvesting chlorophyll binding proteins (LHCB), consistent 
with the defect of bes1-D in chloroplast function.  In summary, our data clearly demonstrate 
that BES1 adversely affects chloroplast function, perhaps via inhibition of GLK1 and GLK2 
expression. Our results, therefore, confirm one of the hypotheses generated from the network.  
 To further validate the GRN, we identified T-DNA knockout mutants of 15 BTF 
genes for which T-DNA knockout mutants are available.  We determined the BR responses 
by the hypocotyls elongation assays under two conditions: (1) with BR biosynthesis inhibitor 
BRZ, which reduces endogenous BR level and thus hypocotyl lengths in the dark; (2) with 
BL treatment, which promotes hypocotyl elongation in the light.  Remarkably, mutants for 13 
individual genes displayed BR response phenotypes either in the dark or light conditions (Fig. 
4.7), among which, BES1 (At1g19350), ZFP8 (At2g41940), MYB30 (At3g28910), 
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At1g64380 and At1g79700 are BR-induced and IAA7 (At3g23050), LHY1 (At1g01060), 
At1g01520, ATHB5 (At5g65310), TCP(At2g45680), At2g43060, RD26 (At4g27410) and 
HAT1 (At4g17460)  are BR-repressed (Fig. 4.5). Interestingly, with the exception of IAA7 
and LHY1, the mutants for BR-induced genes are more sensitive to BRZ or less responsive to 
BL, while the mutants of BR-repressed genes are more resistant to BRZ or more responsive 
to BL (Fig. 4.7 B&D). The results demonstrate that BES1 functions to up- or down-regulate a 
large number of transcriptional factors and each of them contributes to a portion of BR 
responses.  
 
4.4. Discussion 
Transcriptional regulation is pivotal for many hormones to exert their biological 
effects in both plants and animals. To systematically investigate BES1-regulated 
transcription downstream of BR signaling, we performed ChIP-chip experiments along with 
the gene expression analysis and identified direct target genes of BES1 in the Arabidopsis 
genome. We demonstrated that BES1 binds to divergent DNA elements to activate or repress 
transcription.  Interestingly, BES1-targeted transcription factors form a GRN that appears to 
mediate many BR responses and crosstalk with other signaling pathways. Thus we have 
established a substantial framework for BES1-regulated genes in Arabidopsis that should aid 
us in deciphering the mechanisms of many BR-regulated processes.   
ChIP-chip is a very effective approach to map global transcription factor binding sites, 
because of its high resolution, high throughput and less bias compared to conventional PCR-
based methods. By ChIP-chip with a 35bp-resolution whole genome tiling array, we 
identified 1609 potential BES1 target genes and 404 of them are differentially expressed in 
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response to BR treatment or in bes1-D mutant (Fig. 4.2A). The large number of putative 
BES1 target genes is comparable to those of other transcription factors published. For 
example, HY5 and PIL5 were found to bind 3894 and 748 genes in Arabidopsis (Lee et al., 
2007), while SOX2 and NANOG targeted 1271 and 1687 genes in human (Boyer et al., 
2005).  
Several lines of evidence suggest that the targets we identified are true BES1 targets. 
First, BES1 in vivo binding sites derived from BES1 direct target genes are largely consistent 
with previous in vitro DNA binding results (He et al., 2005, Yin et al., 2005). Second, many 
previously well-known BR targets, such as DWF4, CPD, BRI1 and many auxin-responsive 
genes, are identified by the ChIP-chip experiments. Third, gene expression studies 
demonstrate that a significant portion (37%) of BES1 target genes are regulated by BRs 
and/or BES1, while most of the BES1 targets that did not appear to be regulated by 
BRs/BES1 have in general very low expression. Finally, about 46% of BES1 target genes are 
also target genes for BES1 close homolog BZR1 (Sun et al., accompanying paper). 
 Why are not all the BES1 targets regulated by BRs or BES1? First of all, the 
microarray experiments we used as comparison here only examined the gene expression at 
three developmental stages after short (0.5-3 hr) BR exposure; using plants at different 
developmental stages with longer BR treatment may reveal more BR-regulated genes. 
Moreover, BES1 binding to promoters is often not sufficient to regulate gene expression and 
other cooperating factors are required for BES1 to activate or repress gene expression. This is 
consistent with our recent finding that BES1 cooperates with one of its target genes, MYB30, 
in the activation of a subset of BR target genes (Li et al., 2009).  Another example comes 
from MHCII gene expression in human. Three transcription factors (RFX, NF-Y and X2BP) 
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always bind to the promoter but MHCII expression only takes place in B cells where protein 
CIITA is available and physically interacts with these transcription factors (Masternak et al., 
2000; Merika and Thanos, 2001). So it seems that transcription factor binding potentiates 
gene expression but transcription is merely allowed when transcription factors are 
“activated” under certain developmental or environmental conditions (Carroll et al., 2006; 
Merika and Thanos, 2001). Therefore, it is not surprising that, for all the transcription factors 
of which the target genes are globally determined, only a portion of their target genes are 
known to be differentially expressed. For example, HY5 has 3894 target genes, about 19% of 
them are differentially expressed in hy5 mutant (Lee et al., 2007). AGL15 has 1706 target 
genes, 48 are activated and 97 are repressed as revealed by gene expression studies in a 
AGL15 overexpression and  agl15 agl18 mutants (Zheng et al., 2009). PIL5 has 748 binding 
sites from ChIP-chip experiments and 166 of them (or 22%) showed differential expression 
in microarray analysis (Oh et al., 2009a). 
Characterization of BES1 positive intervals in these target genes reveals interesting 
features of BES1-regulated gene expression. In contrast to the conventional thinking that 
regulatory elements are in promoters, about half of BES1 positive intervals are actually 
located in gene bodies, even several kb downstream of the transcription start sites (TSS). 
They seem to be as functional as those in promoters, because half of BR-responsive BES1 
target genes have BES1 positive intervals in their gene bodies.  In addition, BES1 tends to 
bind DNA elements in the proximity to the TSS since more than 50% of positive intervals 
fall into the -500 ~ 1500 regions. Similar observations have also been made in the study of 
Arabidopsis transcription factor HY5 (Lee et al., 2007). On the other hand, only 4% of the 
estrogen receptor binding sites are located in promoter-proximal regions in human cells 
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(Carroll et al., 2006). This difference may stem from the lack of redundant sequences in the 
Arabidopsis genome compared to the human genome.  
 Most significantly, the identification of BES1 direct target genes leads to the 
establishment and functional confirmation of a BR transcriptional network that include 
BES1-targeted as well as BR-regulated transcription factors (Fig. 4.5). The fact that BTFs 
show extensive expression correlation with each other supports the hypothesis that BES1 
initiates a transcriptional network to control gene expression and BR responses. Indeed, 13 
out 15 BES1 target genes selected from the network showed BR response phenotypes when 
knocked-out (Fig. 4.7); and 9 out of the 13 genes are BZR1 targets as well (Sun et al., 
accompanying paper). The results demonstrated that BES1 controls the expression of many 
transcription factors and each of them contributes to BR responses. Our conclusion is 
corroborated by a similar study in the control of human leukemia cell growth arrest and 
differentiation (Suzuki et al., 2009). More than 52 transcriptional factors have been identified 
to contribute to the process, positively or negatively, in a transcriptional network, but none of 
them is both necessary and sufficient to drive the differentiation process. This genetic 
redundancy probably ensures a process is properly regulated under various developmental or 
environmental conditions. 
 The BR transcriptional network has successfully predicted some important 
interactions that explain well-known BR responses. For example, several lines of evidence 
support the hypothesis that BES1 acts to repress GLK1 and GLK2, thereby inhibiting 
chloroplast biogenesis and/or function. Consistent with our results, it was recently found that 
BPG2, a protein involved in chloroplast protein accumulation, is involved in BR signaling 
(Komatsu et al., 2009). In the future, it will be interesting to determine if BES1 represses 
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GLK1 and GLK2 expression through PIL6, as the network suggests, and to study how BR 
signaling regulates chloroplast development under different conditions (dark/light).  
 In summary, our study has identified many BES1 target genes that are involved in 
plant growth, BR biosynthesis and signaling. Our experiments have also implicated BES1 
targets in crosstalk between BR and other hormonal or light signaling pathways. Using ChIP-
chip, global gene expression studies and computational modeling, we have generated a GRN 
that confirms many known gene interactions and, significantly, provides testable hypotheses 
about BR function.  The network we have generated has been validated by genetic studies 
showing that mutants of many genes in the network display BR response phenotypes.  Future 
efforts will be focused on functional characterization of BES1 target genes and their 
interactions and using sophisticated computational tools to establish a comprehensive 
transcriptional network through which BRs regulate plant growth and development. 
 
3.5. Materials and Methods 
Plant Materials and Growth Conditions 
Arabidopsis thaliana ecotype Columbia (Col-0) and Enkheim-2 (En-2) were the wild 
types. bes1-D is the gain-of-function mutant described before (Yin et al., 2002). Plants were 
grown on MS plates or in soil under long day (16h light/8h dark) conditions at 22oC. 
 
BES1 Antibody Production  
The truncated BES1 (aa 89-335) fused with MBP was expressed, purified from E. 
coli and used to inject rabbits. The BES1 antibody was purified with GST-BES1 (aa 89-335) 
coupled to CNBr-activated sepharose (Phamacia). 
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Sample Preparation for ChIP-chip  
Chromatin immunoprecipitation was performed with 14-day-old bes1-D seedlings 
using protocol modified by Pikaard group (http://www.biology.wustl.edu/pikaard/Protocols 
page.html) based on published methods (Gendrel et al., 2002; Nelson et al., 2006). Briefly, 
plant tissues were cross-linked with formaldehyde and nuclei were isolated using sucrose 
gradients. Chromatin was sonicated to generate fragments with the average size of 500bp and 
precipitated using anti-BES1 antibody or anti-GFP antibody (Molecular Probe) as negative 
control. Immunocomplexes were harvested by protein A beads, washed and reverse cross-
linked by boiling in the presence of Chelex resin (Bio-Rad). Three biological replicates were 
carried out through the whole process. 
DNA samples from ChIP were then processed following the Affymetrix instructions. 
ChIP-PCR with known BES1 target sites was first performed to evaluate sample qualities. 
Validated samples were subsequently subjected to linear and PCR amplification where dUTP 
was incorporated into the products, which were fragmented later by the Uracil DNA 
Glycosylase and APE1 enzymes. DNA fragments were then labeled with biotin using the 
GeneChip® WT Double-Stranded DNA Terminal Labeling Kit (Affymetrix). Hybridization 
to the GeneChip Arabidopsis Tiling 1.0R Array from Affymetrix and image scanning were 
performed at the GeneChip Facility of Iowa State University 
(http://www.biotech.iastate.edu/facilities/genechip/Genechip.htm). 
 
ChIP-chip Data Analysis 
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Signal normalization and detection of BES1 positive intervals were assisted by the 
CisGenome software (http://www.biostat.jhsph.edu/~hji/cisgenome/). Signal intensities were 
computed from perfect match (PM) probes and log2-transformed before quantile 
normalization. The Moving Average (MA) method was applied to calculate test-statistic for 
each probe by combining information from probes within a 15-probe (about 500bp) window. 
Neighboring probes yielding MA-statistics equal to or larger than 3.0 were combined into 
positive intervals, in which at least 2 continuous probes should be above the threshold and at 
most 5 continuous probes were allowed to be below the threshold. Visualization of probe 
signals and positive intervals was done with the plant IGB (Integrative Genome Browser) 
(http://www.bioviz.org/plant_igb/). 
 
Gene Expression Analysis 
Microarray experiments were performed with two-week-old WT (En2) and bes1-D 
seedlings grown under light. The plants were treated with either 1 µM BL or mock control in 
liquid 1/2MS medium for 3 hours. Triplicate samples were collected and processed for RNA 
extraction with RNeasy Plant Mini Kit (QIAGEN). The probe labeling, hybridization to 
Affymetrix ATH1 Genome Arrays, and scanning were performed in GeneChip facility at 
Iowa State University according to manufacture’s instructions. The microarray data were 
normalized by statistical software R using MAS 5.0 method in Affymetrix package, and 
tested using limma package. The false discovery rate (FDR) is controlled at 5% (Benjamini 
and Hochberg, 1995).  Clustering analysis was performed with the GENESPRING program 
(Silicon Genetics) using Pearson Correlation. 
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ChIP-PCR Validation 
Primers were designed for selected intervals such that the PCR fragments covered 
interval centers. PCR reactions were carried out with two biological replicates. Primer 
sequences are described in supplementary Table.  
 
Bioinformatics Analysis 
Positive intervals were assigned to annotated genes if they resided in promoters 
and/or gene bodies according to TAIR8 annotation. Here the promoter was defined as the 
entire 5’ intergenic region of one gene or half of it if this gene shared this region with its 5’ 
neighboring gene. This process was accomplished with R. 
De novo motif discovery was performed with an R package cosmo with the motif 
distribution model of “ZOOPS” or “TCM” (Bembom et al., 2007). Sequence logos were 
generated with seqLogo (http://bioconductor.org/packages/2.1/bioc/html/seqLogo.html).  
Gene ontology analysis was assisted by the GOstats package (Falcon and Gentleman, 
2007). The “gene universe” was consisted of all Arabidopsis protein coding genes and 
annotation was based on the data in the R package ath1121501. The hyperGTest function 
was employed to detect over-represented gene categories.  
 
Network construction 
The BES1-related transcription factor network was constructed using the ARACNe 
(Algorithm for the Reconstruction of Accurate Cellular Networks) software (Margolin et al., 
2006). Expression data from 933 Affymetrix ATH1 Genome Arrays was retrieved from 
publicly available NASC and AtGenExpress databases (http://www.arabidopsis.info/; 
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http://www.arabidopsis.org/info/expression/ATGenExpress.jsp). Signal intensities were 
normalized using the standard MAS 5.0 algorithm, provided by the R and Bioconductor 
packages (Gentleman et al., 2004). The microarray data was scaled to set the mean to 100, 
excluding probes with an average intensity below 100 and coefficient of variance "30%. 
Quantile normalization, as implemented in R, was then applied for further filtering of the 
normalized data. Approximately 14,497 genes passed the filtering criteria and were used as 
input for ARACNe. A total of 201 BR-related genes (199 BR-regulated transcription factors, 
BRI1 and BIN2) were included as probes for network construction, in which the p-value for 
the mutual information (MI) criteria in ARACNe was set to 1e-06 and DPI (Data Processing 
Inequality) tolerance was set to 0.1. 
 
Chlorophyll measurement and Transmission Electron Microscope  (TEM) 
Chlorophyll contents were determined as previously described using rosettes from 
mature WT and mutant seedlings at the same stage of growth using two-week-old light 
grown seedlings (Lichtenthaler, 1987). For TEM analysis, mutant and wild-type cotyledon 
tissue was fixed in a solution consisting of 2% glutaraldehyde/2% paraformaldehyde in a 
0.1M cacodylate buffer (pH 7.2). Samples were washed in 0.1M cacodylate buffer and then 
post fixed in 1% buffered osmium tetraoxide. After another 0.1M cacodylate buffer wash, the 
tissue was en bloc stained with 3% uranyl acetate. Samples were dehydrated in an ethanol 
series (25%, 50%, 70%, 95%, 100%) followed by a 100% acetone dehydration step. Directly 
after dehydration, samples were infiltrated with a ratio of acetone to Spurr’s resin mixture 
(3:1, 1:1, 1:3, pure resin). Samples were placed in molds with fresh 100% Spurr’s resin at 60 
°C to polymerize. Resin was sectioned on a Reichert Ultracut S ultramicrotome with a glass 
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knife to a thickness of 70nm and placed on formavar coated copper grids. Images were 
captured on a JEOL 2100 STEM. 
 
T-DNA knockout mutants and BRZ/BR responses 
The T-DNA insertion lines are obtained from ABRC (http://www.arabidopsis.org/) 
(Alonso et al., 2003). The accession numbers for the mutants and primers used to identify 
homozygous mutant plants are listed in Supplementary Table.  BRZ and BR responses are 
carried out as described (Guo et al., 2009; Li et al., 2009). 
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4.8. Figures 
 
Fig. 4.1. Identification of BES1 target genes in Arabidopsis genome.  
(A) Anti-BES1 antibody primarily recognizes BES1, but not BZR1. Same amount of proteins 
from wild-type (WT), bes1-D or bzr1-D were used in the Western blotting with affinity-
purified anti-BES1 antibody (Lane 1-3). Different dilutions of protein from bes1-D were 
used to estimate the accumulation of BES1 in the bes1-D mutant (Lanes 4-6). A background 
band was used as loading control. (B) A typical positive interval detected by CisGenome, 
showing the fold changes between ChIP samples and negative controls (top), MA statistics 
and cutoff (middle) and the detected interval (bottom). (C) Distribution of positive intervals 
on 5 chromosomes. (D) Quantitative (q) PCR validation of 22 BES1 target genes identified 
by ChIP-chip with chromatin prepared from bes1-D or WT plants. Totally 49 BES1 target 
genes are selected for confirmation by semi-quantitative PCR (Fig. S1), from which 22 were 
selected for q-PCR analysis. Averages of enrichment by ant-BES1 antibody and standard 
deviations are derived from biological replicates. Green line indicates no enrichment (fold 
change=1). All except for the last three genes have significant enrichment. 
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Fig. 4.2. Many of BES1 targets are regulated by BRs and/or in bes1-D mutant.  
(A) BR-regulated genes are compiled from 10-day-old (Nemhauser et al., 2004), 14-day-old 
(this study), 24-day-old (Guo et al., 2009) wild-type or 7-day-old det2 plants (Goda et al., 
2004). Genes differentially expressed in bes1-D are derived from 14-day-old plants. (B) 
Venn diagram shows overlaps among BES1 target genes, BR-regulated genes and genes that 
are differentially expressed in bes1-D mutants. (C) Clustering analysis of BES1 targets that 
are either regulated in bes1-D (indicated at right, purple, up; blue: down) or by BRs 
(indicated at left, red: up; green: down). (D) Clustering analysis of BES1 targets that did not 
appear to be regulated in bes1-D or BRs by statistic analysis (see Material and methods) 
under tested conditions.  
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Fig. 4.3. Characterization of BES1 target sites.  
(A-B) Distances from the centers of the positive intervals to TSS for all BES1 target genes 
(A) or BR-responsive BES1 target genes (B). (C-D) Conserved motifs found by de novo 
motif discovery from BES1 positive intervals in the top 85 BR down-regulated (C) or up-
regulated (D) genes.  
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Fig. 4.4: Functional classification of BR-responsive BES1 target genes.  
(A) Molecular functions of BR-responsive BES1-target genes. (B) Gene ontology analysis. 
Categories with gene enriched were presented and p-values were indicated on top of bars. JA: 
jasmonic acid; GA: Gibberellin; ABA: abscisic acid. 
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Fig. 4.5. A transcriptional network for BES1-regulated gene expression.  
GRN inferred by ARACNe. Green and red circles represent BR up- or down-regulated BES1 
targets, respectively. Pink circles represent BR-regulated transcription factors or BIN2 that 
are not BES1 direct targets. The * indicates genes with T-DNA mutants analyzed.  
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Fig. 4.6. BES1 can inhibit chloroplast function, likely through the inhibition of GLK1 
and GLK2 expression.  
(A) 10-day-old seedlings of wild-type (WT) and bes1-D seedlings. (B) Total chlorophyll is 
reduced in bes1-D. (C-D) EM images show chloroplasts from wild-type (WT) and bes1-D. 
Bars represent 0.5 "M. PG: plastoglobule. (E) GLK1 and GLK2 expression is reduced by BL 
and/or in bes1-D. (F) GLK1 and GLK2-upregulated genes are reduced in bes1-D. The gene 
expression levels in E and F are from the microarray experiments described in this study. The 
differences between WT and bes1-D are significant as tested by two-way ANOVA F test 
(P<0.05). 
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Fig. 4.7.  The BRZ and BR responses of BES1 target gene mutants.  
(A) Hypocotyl lengths were measured with 6-day-old seedlings in the absence or presence of 
1000 nM BRZ in the dark. (B) The BRZ sensitivity is calculated as ratio of hypocotyls length 
in the presence BRZ over that of control for each genotype. The green line indicated the 
wild-type BRZ sensitivity. (C) Hypocotyl lengths were measured with 2-week-old seedlings 
grown in the light in the absence or presence of 100 nM BL. (D) BL-induction fold is 
calculated, with green line indicating the induction fold in WT. For hypocotyls lengths, 
averages and standard deviation are calculated from 10-20 seedlings. All the mutants shown 
have significantly different BRZ/BR responses compared to wild-type, as determined by 
student's t-test (P<0.05). 
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4.9. Supplementary Materials 
 
 
 
Fig. S4.1: Semi-quantitative PCR validation of 49 BES1 target genes.  
ChIP was performed with bes1-D and wild-type (WT) plants as described in methods. While 
“(BES1” and “con” indicate ChIP reactions with ant-BES1 and an unrelated antibodies, 
respectively. The 5srRNA was used as internal control. All the genes are confirmed targets in 
bes1-D; 44 out of 49 (with the exception of last 5 genes) are also target genes in WT. From 
49 genes, 22 including 5 that did not show clear enrichment in semi-quantitative PCR were 
selected for q-PCR analysis, which showed that all except for 3 are BES1 targets in WT (Fig. 
1D). Gene numbers and their ranks in ChIP positive list are indicated. The genes that were 
further analyzed by qPCR are highlighted in red. 
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Fig. S4.2: A model for the functions of BES1-target genes.  
BES1 regulates itself in a positive feedback loop and several other BR-biosynthesis and 
signaling components in a negative feedback  loop. In addition, BES1 directly targets many 
transcriptional factors to regulate genes required for BR responses. 
 
 
 
 
 
 
 
 
 
 
 118
Table S4.1. Primers used in this study. 
Primers used in ChIP verification and T-DNA knockout genotyping as well as 
accession numbers for T-DNA knockout mutants 
 
Gene name sequence (5'-3') 
AT1G45688F TGTAATGCAGGATCTCTTCGAGCTT 
AT1G45688R TCAACTCGCTCGACCTTCGT 
AT4G01220F GGGAATAGTCGCGCCATTTGGA 
AT4G01220R TGGCGCAGCAAAAGTTCCTTCA 
AT5G04770F GGGGACCCCAATGAGAACCGT 
AT5G04770R AGCCCTTGTCACGATCGAAATC 
AT1G27210F GCGTTACTTTCTTTGGCCTAGCG 
AT1G27210R AGAGCATTGAATCTGTGGAAGGAAGT 
AT1G01540F CCACCCCAACGGCTATCGAC 
AT1G01540R TGCATGTGTGGTGACGGTGA 
AT5G60680F AGGCTCGGAGTTGCTGACGA 
AT5G60680R TCGCAAACATGAACACTGGCTGT 
AT5G11740F GCGCATCTTGGCCGTTTCCT 
AT5G11740R CGGCTGATATTGCTCCGCGT 
AT5G59000F TGGATCTTCTCCGGCGGCTC 
AT5G59000R CGCACCGCGATAGACACTCG 
AT5G13400F AGCATCCGGAGCTTCCTCGT 
AT5G13400R TCAGTAGCTTGGGCTGGGCT 
AT2G31880F TCTGCAGACTCTGTCTGTCTTCG 
AT2G31880R AGGTACGGTCCTGTGAGCTGAG 
AT2G02810F CCATTTCACGAGCTGCACTCCA 
AT2G02810R CCGGCGATGATTCTTCCGGC 
AT1G15670F ACCAGACGCCGTGTCGTTTT 
AT1G15670R TCACAAGTCACAAGTCGCGCA 
AT3G07350F CAGGTCCAGGCCTAGGTGCAT 
AT3G07350R AGACCACGTGCTCCAATTTTTGT 
AT4G25260F TGTGTGAATGCAGATACATTGATCCTT 
AT4G25260R TCACGTGCATTAGGACCCACCA 
AT5G02020F TGCCACATGCCACGAGTCAG 
AT5G02020R GGTCAAATTCAATGTCGCAGCCG 
AT2G15390F GGCTCGGCCCAAATGAGAGC 
AT2G15390R GACCTAGGGTCTCCCCTGCG 
AT3G54030F AGCTGCTTTATCAGCTTGTGGCA 
AT3G54030R TGGGAATTTTTCCACACCTTCGAC 
AT1G79700F TTGGGTTACAGGAGACGACCC 
AT1G79700R ACTCCAGCACTTCCTGCCACA 
AT3G12290F GCGCGGGAAAAACAACACGG 
AT3G12290R GTCGCGGTCACGAAAACCCA 
AT1G03310F GTAGGCGCGTGAGGTGAAGG 
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Table S4.1. (Continued) 
 
AT1G03310R CGCATAAGCATCATCACCGCCA 
AT5G10290F TCGCTGATCGAAAGATTCAGTGCG 
AT5G10290R TGCACGGAGAAAAAGCAGTTCGT 
AT2G45210F ACTTGGGATTGGATCGGTCGGA 
AT2G45210R AAAGTTAAGGCGGATTGTTTAGCTCT 
AT5G65300F AACTCCGGCTCCTTCAGCCA 
AT5G65300R AGCCCGCGAAATGCAAGGAG 
AT3G60690F AGCCACCCATGTCCCCATTT 
AT3G60690R TCCTACGATGATCGCGATTGATTTC 
AT4G32870F ACGTGAGAACAAGAACGAGGGT 
AT4G32870R CAGCCGTGACACCGTTGACT 
AT5G64260F GCAGTGGCTCAATCTCCGGC 
AT5G64260R CGGGGAGTCAGCGGTAGGAG 
AT5G05690F TCACGAGACAGACGACATACCA 
AT5G05690R TGTGTACGGGTCACAATCAAGTACA 
AT3G59060F GTGTGCCGTACCACTTGTAGCA 
AT3G59060R AGGAGATGGGTTGGGTCTGGT 
AT1G13560F GCATGGATCTTGAGAGCACTTTTCA 
AT1G13560R CGCCACCGGACCATCGTAAG 
AT1G80130F CGGTTGTGCCCCTACATGCG 
AT1G80130R AGCCACCTTTGTCGCCGATG 
AT1G07090F TCCCACGAGCCTTTGCCTGA 
AT1G07090R AAAGTCCACGTGGCGGCTTG 
AT3G20830F TCGGATTGTGCAAGCGAAGTCT 
AT3G20830R CACCGTTACGTTCTCCGCCG 
AT3G08030F GCCGCATGGGGGCAAATGTA 
AT3G08030R AGGCGTTGGCAATTCTGCCT 
AT3G12300F CGCACTGCTCACGAAGGTCA 
AT3G12300R GCGTGAGATAAAGGGCGCGT 
AT4G16770F GGGTTGCACGTGTGGGACAG 
AT4G16770R ATCCCTCGCACGTGTGGCTA 
AT4G17940F TCACGTGCAATCCTCCACACG 
AT4G17940R TCGCGCTACATTTCCCTTTTCCG 
AT4G01870F TAAACGGCGTTCGACGGAGG 
AT4G01870R ACACACGCACGTACGGATCA 
AT3G20830F TCTCTTGGCACGCCCGTACA 
AT3G20830R ACACGTACCGAAATGTCTTCTCTAGCA 
AT3G48690F CGGCCGAGTATGAACGCGAC 
AT3G48690R AGCTGAAGTAGGAAGGCCAAGA 
AT1G75750F TCGAAATCGAAACAGATCAGGGGA 
AT1G75750R TCTCCGCCATGACTGCCCTC 
At2g46660F  GTAACATCATCGCCGTCCAA 
At2g46660R CCTCCAGGCCCACTTCTATC 
At3g23050F GCCTATACGTCGAGTTGGAAAA 
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Table S4.1. (Continued) 
At3g23050R CAACGCATTTATGTTATTTGGAT 
At3g60550F GGTGGGATTTCAGACCACTC 
At3g60550R CACACGTGCGGTTACTTCAT 
At3g05500F CCCAAAGAATATGGATGGTTACG  
At3g05500R TGAGCGAGATCCGTTTGAGTAG  
At4g14410F CAAGAGCAATATAGACGATACTTCACA 
At4g14410R AGTCATGTTGTGGTCAGTGGTT  
At3g13730F TCTTACCTTTTGCTGTCTCACTATC  
At3g13730R GTTGGTGATTATGATATGCAGATG  
At5g66590F AACGGTGTTGACCATTTGTTTT  
At5g66590R TGTCTATGTCCCCACTTTCTGA  
At1g69410F ACCCTAGATCGCTTTCTTCAGTG  
At1g69410R GACCACCTTTACGAATGTTACCG  
At5g19970F TTCCGGTGGCTGAAATACTC  
At5g19970R CGGACATGAGCTGATTCTTG  
At2g01420F TACAAGGATTCGGTGAAGAGGA 
At2g01420R TCGTAGTATTCGCCAAAGTTCC  
At2g41940F AAGAAATGGATGTGAGGGCAAG   
At2g41940R GTCCCATGAATGGCACTTGA 
5srRNA-F GGATGCGATCATACCAGCACT 
5srRNA-R GAGGGATGCAACACGAGGACT 
Primers used in genotyping T-DNA mutants 
bes1LP CAAGCCGTCGTTGAGTTCTAC 
bes1RP ACCATTGCCTACTTGGGAATC 
zfp8LP ACTGTGACCCCATTTCATCTG 
zfp8RP CAGAGCTCTCATCGTTCTTGG 
myb30LP CAAAGGAGGAGTGAAGAAAGG 
myb30RP TGGAATTAGCAGAAGAAGACG 
iaa7LP TCATGTTTGCTTGTACGCATG 
iaa7RP TATTTCCGGCTAACTTTTCGG 
at1g01520LP GATTGGCTTTCCTCTTTGGTC 
at1g01520RP CTCGAAAGCATTGTGTGTTTG 
athb5LP GAAGACAAAGCAGCTTGAACG 
athb5RP TGAGTAATGCATTTTCCGACC 
tcpLP ACGCTGATTCTGATATGGGTG 
tcpRP CAATCAAGCTTACTAGGCCCC 
at2g43060LP TCCTTTTCAGGGACATCTGTG 
at2g43060RP TTGGATTTTGGCTGAATTTTG 
lhy1LP ACCAAAGAAATGTTCGGAAGG 
lhy1RP GGCTTCTCATGGACTTCTTCC 
lhy2LP TGTTTGGGGAGATCAAAGATG 
lhy2RP CTGTGAGCTTTTCCAAACTGG 
rd26LP AGTGATCGAGTGCTTCAGGAC 
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Table S4.1. (Continued) 
rd26RP ACTCGTGCATAATCCAGTTGG 
hat1LP ACAAAGAGGGAACAAGTTGGG 
hat1RP CTCTTTAGGGGCAAAATGGTC 
at1g79700LP ACCGGTGGATATATCTCCGAC 
at1g79700RP CCGAATTATTGATACGACGATG 
at1g64380LP ACGATCATCATCAAACTTCCG 
at1g64380RP AGGCATATGGTCGAGACTGTG 
Mutant SALK accession number 
bes1 SALK_091133.26.35.x  
zfp8 SALK_045674.41.90.x    
myb30 SALK_122884  
iaa7 SAIL_627_C08 
lhy-1 SALK_149287.23.65.x 
lhy-2 SALK_031092.55.75.x 
at1g01520 SALK_076666.35.95.x  
athb5 SALK_015070.53.70.x  
tcp SALK_129844.48.90.x    
at2g43060 SALK_049177.56.00.x    
rd26 SALK_063576.56.00.x  
hat1 SALK_059835.48.60.x  
at1g79700 SALK_046920.45.05.n  
at1g64380 SALK_087511.42.25.x 
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CHAPTER 5. General Conclusions 
 
5.1. General Conclusion 
 
In order to identify components involved in BES1 mediated gene expression, reverse 
genetic approach was used to study the function of a BR-induced gene AtMYB30, which 
encodes a R2R3 MYB family transcription factor. By chromatin immunoprecipitation (ChIP) 
experiments, we found that AtMYB30 is a direct target gene of BES1. Loss-of-function 
mutant in AtMYB30 results in decreased BR responses and enhances the dwarf phenotype of 
bri1-5 (a weak allele of the BR receptor mutant bri1). Many BR-regulated genes have 
reduced expression in AtMYB30 mutant, suggesting that AtMYB30 functions to promote 
expression of a subset of BR target genes. Interestingly, AtMYB30 and BES1 were found to 
bind to a conserved MYB-binding site and E-box sequences, respectively, at the promoters of 
genes that are regulated by both BRs and AtMYB30. The result indicates that AtMYB30 
may act as a BES1 cofactor for those target genes.  Consistent with this idea, interaction 
between AtMYB30 and BES1 was detected both in vitro by GST-pull down assay and in 
vivo by BiFC assay. These results demonstrate that BES1 and AtMYB30 function 
cooperatively to promote BR target gene expression. Our studies, therefore, establish a novel 
mechanism by which AtMYB30, a direct target of BES1, functions to amplify BR signaling 
by helping BES1 activate downstream target genes. 
To identify BES1 downstream signaling components and BES1 interaction partners, 
we performed a suppressor screen with BES1 gain-of-function mutant bes1-D. By map-
based-cloning, a novel transcription regulator, Arabidopsis thaliana Interact-With-Spt6 
(AtIWS1) was identified from one of the suppressors.  IWS1 homologues in yeast and 
mammals function in transcription during RNA polymerase II (RNAPII) postrecruitment and 
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transcriptional elongation processes. In Arabidopsis, AtIWS1 is required for BES1-regulated 
gene expression.  AtIWS1 null mutants exhibit overall dwarfism, reduced BR response, and 
genome-wide decreases in BR-induced gene expression. Moreover, AtIWS1 interacts with 
BES1 both in vitro and in vivo, and the interaction appears to be direct. Consistent with its 
yeast and human counterparts, AtIWS1 also interacts with conserved transcription elongation 
factor and histone chaperone Spt6 from Arabidopsis. Upon BR stimulation, which leads to 
high accumulation of BES1 protein, the presence of AtIWS1 is enriched in transcribed 
regions as well as promoter regions of the target genes as tested by ChIP assay, suggesting a 
model in which AtIWS1 is recruited to target genes by BES1 to promote transcription. These 
results establish an important role for AtIWS1 in plant steroid-induced gene expression and 
provide an exciting possibility that a transcription elongation factor IWS1 can function as a 
target for pathway-specific activators. Recent genomic studies indicated that large numbers 
of genes can be regulated after transcription initiation step. However, the molecular 
mechanisms by which these genes are regulated after RNAPII recruitment remain to be fully 
understood. Our study, therefore, not only extends the function of IWS1 family proteins, but 
also reveals a novel mechanism for the control of gene expression. 
To establish a BR regulatory network, we used chromatin immunoprecipitation 
coupled with Arabidopsis tiling arrays (ChIP-chip) to identify BES1 direct target genes. 
About 1600 BES1 direct target genes were identified and many of them are regulated by BR 
and/or BES1 by microarray gene expression analysis. BES1 target genes contribute to 
multiple aspects of BR responses, including self-regulation of BR signaling as well as 
crosstalk with other hormonal or light signaling pathways. Interestingly, transcription factors 
are highly enriched among these BES1 direct target genes. By computational modeling using 
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ARACNe (Algorithm for the Reconstruction of Accurate Cellular Networks), we 
reconstructed the gene regulatory network (GRN) with BES1 targeted transcriptional factors. 
The network confirms several established connections in BR-regulated gene expression, such 
as AtMYB30 and BEE1/2/3 family transcription factors that function to mediate some BR 
responses. In addition, the network reveals new interactions that generate new hypotheses. 
For example, the strong correlation between BES1 and GLK1/GLK2, two related 
transcriptional factors functioning redundantly to promote chloroplast development, suggest 
that the previously unknown interaction may play an important role in coordinating light and 
BR signaling pathways.  In agreement with the hypothesis, studies showed that bes1-D 
seedlings have chloroplast development defects, including pale-green leaves, reduced 
amounts of chlorophyll, as well as abnormal chloroplast structure. In addition, the expression 
levels of GLK1/GLK2 and a subset of their target genes are significantly reduced in bes1-D. 
Taking together, those data clearly indicate that BES1 negatively affects chloroplast function 
by inhibition of GLK1/GLK2 expression. To further validate the reconstructed GRN, various 
available mutants for some of the transcription factors from the network were identified for 
further functional analysis. The majority of those mutants (13 out of the 15) display defects 
in BR responses in hypocotyl elongation assays either with BL or BRZ. It’s possible that 
those transcription factors follow similar fashion as AtMYB30 to work with BES1. In 
summary, BES1 functions to directly up- or down-regulate many transcriptional factors and a 
single one of them contributes to a portion of BR responses. These results establish, for the 
first time, a genome-wide view of BR regulated gene expression and provide a framework to 
better understand study the transcriptional network by system biology approaches. 
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5.2. Future Directions 
 
The findings presented in this thesis (summarized in Fig. 5.1) provide a foundation 
for future studies. There are a number of interesting follow-up projects about the AtIWS1 
and BES1 network. Here I would like to briefly describe a few future directions. Firstly, as 
AtIWS1 seems to be a rather general transcription elongation factor in yeast and human 
systems, it will be important to examine whether it is also involved in other pathways in 
Arabidopsis. Our preliminary data showed that seb1 and atiws1 mutants seem to be less 
responsive to several other hormones, including abscisic acid (ABA), Gibberellins and Auxin. 
More detailed hormonal and stress response experiments may reveal more actions of AtIWS1 
in other growth processes, especially in various inducible conditions.  
Secondly, if AtIWS1 indeed impact multiple pathways, does it act similarly like  in 
the BR pathway?  As we showed in chapter 3, AtIWS1 interacts with BR pathway effector 
BES1 to modulate BR target gene expression. It’s tempting to speculate that AtIWS1 may 
also interact with different transcription factors to regulate the expression of different sets of 
downstream target genes. If we know the major transcription factors in the particular 
pathways that are affected by AtIWS1, we can test the potential interactions of these factors 
with AtIWS1 using various assays, like yeast-two-hybrid, GST-pull down, co-
immunoprecipitation and Bi-FC.  
Thirdly, where does the interaction between AtIWS1 and BES1 happen, and do we 
know more details about the interaction? In chapter 3, we found that AtIWS1 is accumulated 
in both promoters and gene bodies of two target genes, only under BL treatment condition. 
Considering the interaction between BES1 and AtIWS1, it’s most likely that AtIWS1 is 
recruited to the target gene promoters first by BES1, then AtIWS1 is released and travel with 
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Pol II complex to facilitate further transcription processes in gene bodies. Is this a general 
mode of AtIWS1 action? We need genome-wide data to address this question. Chromatin 
immunoprecipitation coupled with next generation sequencing (ChIP-seq) is an ideal tool to 
identify specifically associated chromatin/DNA fragments by a given transcription factor, 
with several advantages over previous used ChIP-chip.  By ChIP-seq assay, we will be able 
to identify AtIWS1 genome-wide target genes and binding sites. In addition, by comparing 
with the target genes and binding pattern of BES1, we will be able to understand the 
interaction of these two factors in great details. 
Another essential part is forward genetic screens for suppressors and enhancers of the 
atiws1 mutant and biochemical purification of AtIWS1 complex in searching other 
components involved in AtIWS1 function(s). Although it is challenging to establish a 
consistent in vitro transcription assay in plant systems, such an assay would be ideal to test 
AtIWS1 function in vitro. 
There are several interesting directions for the BES1 network project. Firstly, we can 
choose the important and novel transcription factors to do functional analysis based on the 
current network model. The characterization of those transcription factors will shed light on 
the crosstalks between BR pathways and other signaling pathways, like GLK1/2 connecting 
BR signaling and chloroplast development. Secondly, while we’re studying those selected 
transcription factors, the transcription profiles generated from either loss-of-function or gain-
of-function mutants of those factors can be used to refine the network by further 
computational modeling. These studies would help us understand how BR pathway controls 
plant growth and development in cooperation with other pathways. 
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5.3. Figures 
 
 
Figure 5.1. An updated model of BR signaling pathway:  
BRs signal through receptor BRI1 and several other components to regulate BES1 and BZR1 
family transcription factors. BES1 can interact with other transcription factors such as BIM1 
and Myb30, as well as histone demethylase ELF6/REF6 to synergistically activate target 
gene expression. In addition, BES1 can also recruit transcription elongation factor AtIWS1 to 
further modulate target gene expression. BES1 target genes appear to form a complex 
network to control various BR responses. 
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